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Abstract
Wastewater from oil refineries is characterized mainly by the presence of hydrocarbons and, in 
particular, non-ionic volatile organic compounds such as benzene, toluene, ethylbenzene and 
xylene; known as BTEX. The removal of BTEX compounds is carried out by commercial activated 
carbon; however, the widespread use of this adsorbent is limited due to its high cost. As such, 
alternative novel adsorption techniques using non-conventional low-cost adsorbents are promising 
methods to remove BTEX compounds. The present study’s main focus is to carry out a critical 
analysis on the removal efficiency of BTEX compounds from aqueous environment in single and 
multi- component systems, investigate the advantages and limitations of each adsorbent, and 
evaluate the various adsorption mechanisms. Batch adsorption experiments of BTEX-contaminated 
waters (5-200 mg/1) in single component systems were carried out by using chitin and chitosan as 
adsorbent materials, in order to evaluate the removal performance and to obtain the isotherm 
profiles. The effects of various parameters such as initial concentrations, adsorbent dose and contact 
time on the removal performance of BTEX were investigated. The next part of this work examines 
the equilibrium sorption of BTEX compounds; in multi-component system, from aqueous solutions 
by chemically modified chitosan. The enhancement of chitosan was carried out by crosslinking the 
chitosan with glutaraldehyde, and then grafting the poly(methacrylic acid) onto its backbone. Then, 
experimental work was carried out to study the adverse effects of major competing ions such as 
sulfate, phosphate and ammonium ions on the BTEX sorption isotherms and kinetics using chitosan 
and modified chitosan. The equilibrium data were analysed using Langmuir, Freundlich, Redlich- 
Peterson, Temkin and Dubinin-Radushkevich isotherm models. The linear and non-linear 
regressions were carried out to determine the best fit model for each system. The linear correlation 
coefficient was found for each system and the Redlich-Peterson provided the best fit, over the 
concentration range studied. The non-linear regressions were carried out to evaluate the data by five 
error analysis methods; namely, the sum of the squares of the errors (ERRSQ), the hybrid fractional 
error function (HYBRID), Marquardfs percent standard deviation (MPSD), the average relative 
error (ARE), and the sum of the absolute errors (EABS). Overall, the values of error indicated that 
the Langmuir isotherm model provided the best quality of fit for the isotherm equilibrium data, for 
the selected adsorbents. The kinetic studies revealed that the adsorption followed the pseudo-second 
order rate model for the selected adsorbents, and the pore diffusion is not the only rate controlling 
step in the removal of BTEX compounds. In terms of added competing ions, it was found that the 
adsorption behaviour of BTEX compounds was insignificantly affected by the presence of 
ammonium, phosphate and sulphate ions. The major ions reduced the BTEX adsorption in order of 
HPO^~ > SÛ4 ~ > NH}. This study demonstrated that the chemically enhanced chitosan is a 
potential adsorbent for the removal of BTEX at concentrations as high as 200 mg/1.
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Chapter 1 
Introduction
________Kinetic and Removal Mechanisms o f BTEX Compounds from Aqueous Solutions by Chitin, Chitosan and Enhanced Chitosan
In recent years, there have been growing public concerns about the extensive spread of oil refineries 
pollutants, which caused them to emerge as urgently demanding priorities that are regulated by 
many governments. Crude oil is a mixture of various organic compounds and some impurities. Oil 
refineries are complex plants, where the crude oil is converted into usable petroleum products. The 
refining processes generate a vast number of synthetic organic contaminants as well as volatile 
organic compounds (VOCs) into the water. Since there are public concerns about the impacts of 
wastewater contaminated with VOCs on public health and the environment, many governments 
placed restrictions on contaminants released from refineries. In European countries, the wastewater 
generated is in the range of 0.1-5 m  ^per torme of crude oil used as raw material when the cooling 
water is recycled (IPPC, 2003). However, the discharged amount of total aqueous effluent from 
European refineries has reduced over the years from 3119 million tonne/year from 80 oil refineries 
in 1969 to 2543 million tonne/year from 84 oil refineries in 2000, due to the introduction of many 
effective treatment systems (Dando et al., 2004).
In the Gulf Co-Operation Council (GCC) countries, and particularly in Bahrain, there are public 
concerns about the impacts of VOCs-contaminated wastewater on the environment and hence the 
government placed restrictions on VOCs concentrations released in wastewaters from oil refineries. 
Most refineries have, therefore, installed equipments to comply with the stringent regulations of the 
environmental protection agencies. In addition, the scarcity of water in these countries is now 
becoming a limiting factor for industrial and agriculture developments, and hence treatment and re­
use of industrial wastewater has a great role to play in water resource management as it can reduce 
the imbalance between demand and supply. Wastewater from oil refineries is characterised 
basically by the presence of paraffinic, olefinic and aromatic hydrocarbon compounds, and in 
smaller amounts, it contains some sulphur, oxygen, nitrogen, metals, etc. Oil refineries and 
petrochemical plants are important sources of wastewater contaminated by non-ionic organic 
compounds such as benzene, toluene, ethylbenzene and xylenes, which are also known as BTEX 
compounds. The composition of the generated wastewater effluents is much dependent on the 
complexity of the refining process. These compounds found their place on the priority pollutant list 
of US Environmental Protection Agency (EPA). Water contaminated by BTEX compounds would 
cause very serious problems to humans, as these contaminants are harmful at very low 
concentrations and classified as hazardous and carcinogenic pollutants.
The Gulf countries account for just about two thirds of the overall oil reserves in the world and 
currently represent approximately one fourth of the overall production of oil in the world (Tolosa 
et al., 2005). The contamination of surface water occurs mainly as a result of oily wastewater 
discharged from offshore installations that are used in extraction processes and to a lesser degree
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from spills and leakages. In 1986, it was estimated that the wastewater discharged from the oil 
refineries into the Arabian Gulf ranged from 400,000 to 750,000 tonne (Al-Lihaibi and Al-Omrani, 
1996). However, a combination of tanker traffic and either intentional or accidental oil spills have 
also prevailed in recent years. The wastewater effluents from oil refineries can cause smothering of 
the benthic biodiversity, and the chemical contaminants of these effluents can cause acute and 
chronic toxic effects. Problems associated with non-living resources and pollution by oil and its 
components appear to be of greater importance in the Gulf than other regions (Tolosa et al., 2005). 
In addition, low concentrations of BTEX compounds are deleterious to the fish while large 
concentrations will not only kill the fish, but also will completely destroy all the aquatic life in the 
water. Therefore, the wastewater treatment systems in oil refineries are restricted to low limits of 
BTEX concentrations in their discharged effluents.
A typical treatment system of water refinery wastewater may include three main treatment stages; 
gravity oil/water separation, biological treatment and advanced treatment (which involve filtration, 
adsorption, or sometimes chemical treatment to remove impurities such as organic and inorganic 
chemicals). It was found that an oil refinery wastewater contains a total mean concentration of 
aromatic compounds and saturated hydrocarbons of 1534 ppm (Stepnowski et al., 2002).
Adsorption is a fundamental physicochemical treatment method that is widely used in removing 
certain classes of organic contaminants from industrial wastewater. It is an efficient process for the 
treatment of industrial wastewater as it is used to economically meet the high levels of effluent 
treatment as well as water reuse requirements. It is very impressive to observe the high number of 
published papers that look at the uses of adsorption technology in chemical processing, water 
treatment and air pollution control. However, the applications of adsorption process in wastewater 
treatment and water pollution control are not well recognised, nor well understood. This process 
has been effectively used for removing dissolved organic compounds from wastewaters, but it 
should not be viewed as crucial for treatment of all compounds, nor should its application be 
performed as an empirical fashion. Therefore, it is important to optimise the performance and cost 
of the adsorption process, and hence both the cost of adsorbents and their efficiencies in pollutants 
removal should be considered.
Activated carbon is one of the most widely used adsorbent for the removal of organics due to its 
high adsorption capacity. The excellent adsorption capabilities of activated carbon, in their 
powdered or granular forms, are usually related to their high pore volume, porosity and surface 
area. Many papers have investigated the capabilities of activated carbon in the effective removal of 
organic compounds, especially hydrocarbon compounds (Daifullah and Girgis, 2003). Despite the 
prolific application of activated carbon, it remains an expensive material that is difficult and
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expensive to regenerate (Swamy et al., 1997). Taking this into account, this has led many scientists 
to examine the adsorption potential of low-cost and naturally occurring materials such as chitin and 
chitosan. It is more sustainable and economic to use agricultural and industrial wastes as adsorbents. 
Since natural materials and natural wastes such as chitin and chitosan, or waste products such as 
red mud, fly ash, oxides and sludges are considered as low-cost adsorbent materials due to their 
local availability in many countries. Fishery waste materials like crab, lobster, shrimp and shells 
are extensively found in many Asian countries such as China, Thailand and Japan. This type of 
wastes has been considered as potential materials for the production of chitin and chitosan. Hence, 
they are cost effective and sustainable since fishery wastes are free and abundantly available. The 
treatment of industrial wastewater using another industrial solid waste, or by-products, could 
environmentally solve the problem of solid waste disposal and hence be both economical and 
sustainable (Wake, 2005, Gadepalle et al., 2008).
The biosorption of organic compounds from aqueous solutions using chitin and chitosan, is carried 
out by complexing and concentrating the organic compounds. Chitin is the second most abundantly 
available natural low cost biopolymer that has been found in many natural sources like the 
exoskeleton crustaceans and insects, and also found in the cell wall of fungi and yeast (Ngah and 
Musa, 2009). Chitosan is a chitin derivative that is well known as an efficient complexing agent 
due to its high contents of hydroxyl and amino functional groups. Chitosan showed high adsorption 
potential for a variety of pollutants and is inexpensive compared to activated carbon. Chitin and 
chitosan were used in a number of water and wastewater treatment applications. Chitin has been 
used for dye removal, and chitosan has been employed as a coagulating agent for suspended solids 
and for the removal of metal cations (Lü et al., 2001, Ngah and Musa, 2009).
Although, it was proved in the literature that chitosan has higher adsorption capacity towards 
organic compounds compared to chitin, this capacity can be enhanced by chemical modification of 
chitosan. Chemical modification of chitosan can improve the chemical stability and mechanical 
strength of the polymer, as well as the biochemical degradation of the polymer. There are several 
chemical modification methods that have been reported. Chemical modification of raw chitosan by 
crosslinking improves the stability of the polymer against the alkali, acid and other chemicals, 
however, it decreases the capacity of adsorption. To enhance the adsorption capacity of chitosan, a 
following chemical modification step by grafting has been proposed. This step represents an 
interesting alternative technique to develop a novel hybrid polymer, which contains the advantages 
of the natural and synthetic units. Other advantages of chemical modification of chitosan are that it 
can increase the superficial area and the porosity of the solid chitosan, and increase in the 
accessibility and diffusion of pollutants to internal sites.
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There are no studies that have been carried out in order to demonstrate the potential of chitin, 
chitosan and chemically enhanced chitosan for the removal of BTEX compounds from aqueous 
streams. In this regard, the present work’s main focus was to carry out a critical analysis on the 
removal efficiency of BTEX compounds from aqueous environment in single and multi- component 
systems under various experimental conditions such as adsorbate concentration, adsorbent dose, 
contact time and presence of major co-existing competing ions. The first part of this study aimed at 
evaluating the adsorption potential of chitin and chitosan for the removal of BTEX compounds in 
single component systems from aqueous solutions. The second part of this work examines the 
adsorption of BTEX compounds in multi-component system by chemically enhanced chitosan. 
Chitosan was chemically enhanced by crosslinking the chitosan with glutaraldehyde, and then 
grafting the poly(methacrylic acid) onto its backbone. In this part, the adverse effects of major 
competing ions such as sulfate, phosphate and ammonium ions on the BTEX adsorption isotherms 
and kinetics were also investigated.
1.1 Aims and Objectives
The aim of this study is to carry out a comprehensive evaluation of the removal performance of 
benzene, toluene, ethylbenzene and xylenes (BTEX) from aqueous solutions in single and multi- 
component systems by natural low cost adsorbents; namely, chitin and chitosan and by chemically 
enhanced chitosan. Chemical enhancement of chitosan was carried out by crosslinking with 
glutaraldehyde and then grafting the poly(methaciylic acid), in order to enhance the adsorption 
efficiency. The objectives were to investigate the effects of experimental parameters with a view to 
optimise the removal process in terms of initial adsorbate concentration, adsorbent dose, contact 
time, and major co-existing competing ions. In the present work; (i) adsorption mechanisms and 
kinetics of BTEX compounds from aqueous solutions in single and multi- component systems by 
chitin, chitosan and enhanced chitosan were evaluated; (ii) the characteristics, the advantages and 
limitations of the selected adsorbent materials used were investigated; and (iii) the error analysis 
that determine the best quality fit for each system to effectively describe the removal of BTEX 
compounds from aqueous solutions was conducted using linear and non-linear regression analysis.
1.2 Outlines
The opening chapter; chapter 1, is an introduction that allows the reader to gain an overview on the 
whole thesis. Chapter 2 critically reviews the main sources of BTEX wastewaters with a focus on 
BTEX compounds generated in refineries wastewater and their impacts on the environment. 
Physicochemical, toxicological and ecological aspects of BTEX compounds and hence the 
regulation and legislations for volatile organic compounds and refineries effluents were also 
introduced in this chapter. It also deals briefly with the various conventional treatment methods and
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particularly the low cost treatment methods of wastewater-containing organic compounds. The 
advantages and disadvantages of these treatment technologies were also discussed. This is followed 
by chapter 3, which gives a comprehensive description of the adsorption process; the theory of 
adsorption equilibria and kinetic models as well as the properties and applications of the two 
selected adsorbents; chitin and chitosan, for the removal of organic compounds. This chapter also 
give a literature review for the different mechanisms proposed to describe the adsorption of single 
and multi- component by various adsorbents and the error analysis methods by linear and non-linear 
regressions. For single component systems, five common isotherm models were selected to describe 
isotherm equilibrium were demonstrated in chapter 3; Langmuir, Freundlich, Redlich-Peterson, 
Temkin and Dubinin-Radushkevich isotherm models, and for multicomponent systems, Langmuir 
competitive model, Freundlich type model and the ideal adsorption solution (IAS) theory. The 
criteria in which best model were selected for each system in the later chapters was also described 
in this chapter. The kinetic mechanisms of adsorption into different adsorbents were clarified using 
four kinetic models; pseudo-first order rate model, pseudo-second order rate model, Bangham’s 
equation and intra-particle diffusion model. The linear and non-linear regressions were 
demonstrated in order to select the best fit model for each system. The non-linear regressions were 
described in more detailed in this chapter to evaluate the data by five error analysis methods; 
namely, the sum of the squares of the errors (ERRSQ), the hybrid fractional error function 
(HYBRID), Marquardt's percent standard deviation (MPSD), the average relative error (ARE), and 
the sum of the absolute errors (EABS). Different modification techniques of chitosan, with an 
emphasis on the crosslinking and graft copolymerization techniques are presented in chapter 4. This 
chapter summarises the principles of preparing covalently crosslinked chitosan, crosslinking 
reaction mechanisms and properties of the produced microspheres. Crosslinking have been 
successful in terms of improving many properties of raw chitosan, however, it decreases the 
capacity of adsorption. Therefore, a following grafting reaction stage that incorporates new or 
improved properties to chitosan, such as enhancing the capacity of adsorption, is also described in 
this chapter. Grafting by redox initiating method has been studied in this chapter, which are 
important for the formation of specific radical with emphasises on reaction mechanisms involved 
such as initiation, propagation, and termination.
Chapter 5, 6 and 7 are the consolidation of this thesis. Here, it is seen how the theory is applied to 
practice. The first intent of chapter 5 is to describe the materials used and the methodology applied 
throughout this experimental work. The second intent is to discuss step-by step the procedures 
followed to obtain the isotherm and kinetic profiles, and optimise the adsorption process of BTEX 
compounds by chitin and chitosan in single component systems. Chapter 6 illustrates the analytical 
methods and characterization techniques used in this laboratory work; namely, Fourier-transform
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infrared (FTIR) specfroscopy, scanning electron microscopy (SEM), energy dispersive X-ray 
spectroscopy (EDX) and thermo gravimetric analysis (TGA). Even though a detailed description of 
the instruments utilised is beyond the scope of this chapter, the discussions here will focus more on 
the result found from applying such analysis techniques that proves the structure of chemically 
enhanced chitosan. Chapter 6 discusses mainly the results obtained from the experimental work to 
evaluate the efficiencies of the selected adsorbents in removal of BTEX compounds from aqueous 
solutions in multi-component systems by chitosan and chemically modified chitosan under various 
experimental conditions. Chapter 7 demonstrates the adverse effects of competing ions on the 
BTEX adsorption process. Finally, chapter 8 gives conclusions for the current work and 
recommendations for future work. Each chapter of this thesis ends with a chapter summary to 
indicate or emphasise on important points and concepts.
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Chapter 2 
BTEX Wastewaters: General 
Considerations
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2.1 Environmental Impacts o f Oil Refineries Wastewaters
Crude oil is a mixture of various hydrocarbons and some impurities. The composition of crude oil 
may vary significantly according to its source. Oil refineries are complex plants, where the crude 
oil is converted into usable petroleum products, such as gasoline, kerosene, asphalt base, heating 
oil, diesel fuel and liquefied petroleum gas. The refining processes generate enormous amount of 
organic and inorganic chemical wastes that find their way into the water. Water is a key element in 
a number of process units in oil refineries and one of the major pollution-generating streams 
produced by all oil refineries around the world is wastewater. In refineries, water may be used as a 
heat sink and a heat source and as a medium for extracting organic and inorganic pollutants from 
the crude oil. Liquid-liquid extraction, steam stripping, and caustic washing operations are among 
the many processes present in oil refineries and petrochemical plants where water is intensively 
used (Bagajewicz, 2000). In addition, water is used in atmospheric and vacuum fractionation units, 
coking, hydrocracking, fluid catalytic cracking (FCC), visbreaking, hydrotreating, sweetening, 
alkylation, ether synthesis, and desalters. The enormous amount of wastewater generated by the oil 
refineries is coupled with the growing awareness of the consequences of discharging the polluted 
effluents to the natural water resources. Hence, the oil refineries have spurred to become more 
environmentally conscious and adopt more protective practices. Over the past two decades, efforts 
have been made to reduce the generated amount of refinery wastewaters. In recent years, the focus 
on pollution control has shifted from downstream treatment; or end-of-pipe treatment, to play a 
more proactive role in reducing the concentration of pollutants at the source of its generation.
The Gulf Co-operation Council countries, GCC countries, account for just about two thirds of the 
oil reserves in the world and currently represents approximately one fourth of the overall production 
of oil in the world. More than 80% of the revenues of GCC countries rely on the oil, gas and 
petrochemical industries (Tolosa et al., 2005). Bahrain Petroleum Company BAPCO, owned by 
Bahrain government, is engaged in the production of 250,000 barrel per day. The wastewater 
generated from BAPCO is in the range of 130,000 to 160,000 USGPM (United State Gallon per 
Minute), (Taher, personal communication). The Arabian Gulf represents a highly stressful region 
due to the considerable development along its coastline and hence the industrialisation, refineries 
and port areas have become the major pollution sources to the marine environment. In 1986, it was 
estimated that the wastewater discharged from refineries into the Gulf ranged from 400,000 to 
750,000 tonne (Al-Lihaibi and Al-Omrani, 1996).
In European countries, the wastewater generated is in the range of 0.1-5 m  ^per tonne of crude oil 
when the cooling water is recycled (IPPC, 2003). However, the discharged amount of total aqueous 
effluent fi'om European refineries has reduced over the years ft-om an annual discharge of 3119
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million tonne from 80 oil refineries, in 1969, to 2543 million tonne discharged annually from 84 oil 
refineries, in 2000 (Dando et al., 2004). This represents 18.5% reduction since 1969, and thought 
to be due the introduction of several treatment technologies.
Wastewater generated from the oil refineries involves process water, cooling water, storm water 
and sanitary sewage water. Water used in refinery processes accounts for a significant portion of 
the total plant wastewater. Process wastewater typically arises from desalting crude oil, process 
condensates, steam stripping operations, pump gland cooling, product fractionator reflux drum 
drains, boiler blowdown, general process spillage, water drained from storage tanks, and water for 
plant clean-up. A large portion of water used in oil refineiy is used for cooling. Since the cooling 
water does not come into direct contact with process oil streams, most of it is recycled over and 
over. Thus, cooling water contains less contaminants than process wastewater. However, leaks in 
some process equipment may contaminate the water with oil, hydrocarbons, phenols, ammonia, 
sulphides, and other pollutants (IPPC, 2003). Storm water (surface water runoff) contains 
constituents from spills to the surface, leaks in equipment and any materials that may have collected 
in drains. Moreover, runoff surface water includes water coming from process units, pumping 
stations and loading station. This water is collected through the site oily water system and directed 
to the wastewater treatment plant. Domestic sewage generated from the site is directed to the site 
septic system where overflow is pumped into downstream of the wastewater treatment plant.
Refineries wastewaters are treated in onsite wastewater treatment facilities and then discharged to 
publicly owned treatment works (POTW) or discharged to surface water. Refineries wastewaters 
often require a complex chain of treatment methods to remove the contaminants from the 
wastewaters before discharge. Figure (2.1), (GEC, 2002). Separation of different refinery 
wastewater streams such as process water, cooling water, storm water, sanitary, sewage, etc., is 
essential for minimizing treatment processes requirements. A typical treatment system for the 
refineries wastewater may include three main treatment stages; primary, secondary and tertiaiy 
treatment.
The primary treatment stage involves oil/water separation in two steps. In the first step, the oily 
effluent moves slowly through the oil/water separator allowing the free oil to float to the surface 
and to be skimmed off, and the solids to settle by gravity to the bottom of the separator and to be 
scraped off to sludge collecting hoppers. The second step employs physical or chemical treatment 
processes to separate the emulsified oil from the water. Physical treatment may include the use of 
a series of settling tanks with a relatively long retention time or the use of dissolved air flotation.
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Secondaiy treatment involves the biological consumption of dissolved organic pollutants by 
microorganisms. Biological treatment may include a number of different techniques such as 
activated sludge units, trickling filters, and rotating biological contactors. Secondary treatment 
generates biomass waste, which is typically treated anaerobically and then dewatered. The 
concentration of BTEX in wastewater will significantly reduce after these two treatment stages.
An additional tertiaiy treatment stage, or so called polishing stage, is employed by most of the oil 
refineries either to meet the discharge standard limits, or to recycle the water and reuse it as cooling 
water or boiler feed. The polishing stage can involve the use of filtration, adsorption, or sometimes 
chemical treatment to remove impurities such as biomass, silt, trace metals and other organic and 
inorganic chemicals. The adsorption systems involve a series of columns that are designed to 
remove the trace levels of organic compounds, including BTEX compounds.
Typical refinery pollutants with a health risk include BTEX (of which benzene is the most 
prominent), hydrogen sulphide, ammonia, phenol, NOx, SOx and HF (IPPC, 2003). In addition, 
refinery water emission parameters are the pH, total organic carbon, dissolved solid materials, 
suspended solid materials, oil, aromatics (BTEX), phenols, total nitrogen, total phosphorous, 
chemical oxygen demand COD, biochemical oxygen demand BOD, heavy metals, H2S, N H 3 ,  salt, 
mercaptans, cyanides, MTBE, polyaromatic hydrocarbons, temperature conductivity, fluoride, 
bacteria and fish toxicity (IPPC, 2003). The composition of the generated wastewater effluents is 
much dependent on the complexity of the refining processes. Thus, the oil refineries are generally 
classified as either a hydroskimming refinery that includes distillation, desulfurization and 
reforming units, or a complex refinery that comprises of a catalytic cracking unit in addition to the 
hydroskimming refineiy (IPPC, 2003). The wastewater released by the oil refineries contain 
approximately a chemical oxygen demand (COD) of 300-800 mg/1 and biochemical oxygen 
demand (BOD) in the range of 150-350 mg/1, oil level of 3000 mg/1, benzene level of 1-100 mg/1, 
phenols level of 20-200 mg/1, heavy metals of 0.1-100 mg/1 and 0.2-10 mg/1 for other organic and 
inorganic pollutants (A1 Zarooni and Elshorbagy, 2006). The annual average concentration of 
BTEX in effluents from the European oil refineries wastewater treatment plants is in the range of 
<0.001 - 3 mg/1 (IPPC, 2003). Stepnowski et al. found that an oil refinery wastewater contains a 
total mean concentration of aromatic compounds and saturated hydrocarbons of 1534 ppm 
(Stepnowski et al., 2002). Typical concentrations of oil in water relevant to the overall refining 
process units and prior to any treatment step are as shown in Table (2.1).
12
_______ Kinetic and Removal Mechanisms o f BTEX Compounds from Aqueous Solutions by Chitin, Chitosan and Enhanced Chitosan
Table (2.1): Representative concentrations of oil in wastewater effluents from oil refinery units 
before any treatment (IPPC, 2003).
Unit Amount of wastewater generated Oil concentration
Distillation units 80 -  75 litres /  tonne of feedstock 
treated in atmospheric distillation 
units
50 -  500 mg/1
Visbreaker 56 litres / tonne of feedstock 50 -  500 mg/1
Catalytic cracking 60 — 90 litres / tonne feedstock 
treated
5 0 -  100 mg/1
Hydrocracking and 30 -  55 litres /tonne 50 -  500 mg/1 for
Hydrotreatment each process
Desalter 3 0 -1 0 0  litres / tonne feedstock 
desalted
high
The hydrocarbon content of water (or the amount of oil in water) is the most frequently measured 
quality parameter in refinery effluents. Techniques for the determination of the oil content of 
aqueous wastewater effluents are based on infrared (IR) spectrophotometry that has been used by 
most of the European oil refineries. However, new methods are now under development and some 
refineries reported using gas chromatographic method. Since 1969, the quantity of oil released in 
refinery effluents reduced from 44000 tonnes per year from 73 oil refineries to 747 tonnes per year 
from 84 oil refineries in 2000. Comparing the ratio of oil discharged to the refining capacity, the 
ratio has reduced by 99% between 1969 and 2000 (Dando et al., 2004).
Knowledge of wastewater composition in refineries effluents is useful when a specific chemical 
compound is targeted for removal and in designing the treatment plant to meet the discharge 
requirements. Moreover, this knowledge is essential in marine pollution studies particularly in the 
case of tracking a specific pollutant discharged from oil refineries in the coastal water that is used 
in the drinking water treatment plants or desalination plants as a source of water; as the case in the 
GCC countries.
2.2 Physicochemical, Toxicological and Ecological Aspects o f BTEX
Among the volatile organic compounds (VOCs), benzene and its derivatives are harmful to the 
human health and the environment at very low concentrations. BTEX compounds consist of 
benzene, toluene, ethylbenzene, and three isomers of xylene; o-, m- and p-xylene. Benzene is found 
in natural gas in a typical range o f0-1000 ppm and in crude oils in concentrations o f0-10,000 ppm. 
Other aromatic compounds; toluene, ethylbenzene, xylene are generated in quantities similar to
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benzene (Janks and Cadena, 1991). BTEX compounds are released mainly in wastewaters from 
petroleum refining industries and petrochemical manufacturing plant. Because of the massive uses 
of petroleum products, these compounds represent a hazard to the public health as well as the 
environment. However, low concentrations of BTEX were found in groundwater and surfacewater 
of a few micrograms per litre (2 to 5), accidental emissions may lead to higher concentrations (Valor 
et al., 2000). The presence of BTEX contamination related to petroleum products is due to their 
high concentration in gasoline; 1% (v/v) of benzene, 1.5% (v/v) of toluene, <1-1.5% (v/v) of 
ethylbenzene and 8-10% (v/v) of mixed xylene (Valor et al., 2000, Farhadiana et al., 2008). BTEX 
are also released to the environment by spills during the transport, storage, and disposal of oils and 
other petroleum products. These compounds are included in the priority pollutants list of many 
environmental organisations. Therefore, to limit their impact on health and the environment, it is 
necessary to know and understand their physicochemical, toxicological and ecological properties.
2.2.1 BTEX Compounds
2.2.1.1 Benzene
Benzene is used primarily in making plastics, resins, rubber, synthetic fabrics such as nylon and 
polyester, and as a solvent in paints, printing, etc. (EPA, 2003a). Benzene is recognised as the most 
toxic compound among the BTEX group, because it has been proved that long-term exposure to 
low concentrations of benzene (0.325 g/m^) may eventually result in cancer and that higher levels 
(65 g/m^) can cause death (WHO, 1996a, Garcia and Nollet, 2006). Due to its carcinogenic effects, 
benzene is included in Group 1 in International Agency for Research on Cancer (lARC) list. The 
EPA has set a maximum allowable concentration of benzene of 5 parts per billion (ppb) in drinking 
water (EPA, 2003a, Garcia and Nollet, 2006). However, in Europe, they are much stricter on 
benzene regulation as they set a maximum permissible limit of 1 ppb. Occupational exposure to 
greater than 162 mg/m^ had toxic effects on the humans (WHO, 1996a).
2.2.1.2 Toluene
The greatest industrial use of toluene is in the synthesis of other constituent of fuels such as benzene 
and urethane. Other uses include: solvent, carrier, thinner in the paint, printing, rubber, resin and 
adhesives industries, etc. (EPA, 2003c, WHO, 2004). The toxicity of toluene is very low compared 
to benzene. There are inadequate evidence for the carcinogenicity of toluene in humans and hence 
LARC classified it in Group 3 (WHO, 2004). While very high levels of toluene cause death, 
moderate concentrations may affect the nervous system. For drinking water, the EPA has set a 
maximum permissible limit of 1 parts per million (ppm), (EPA, 2003c, Garcia and Nollet, 2006). 
This organic compounds found its place on priority pollutant list of U.S. Environmental Protection
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Agency (EPA, 2003c). In addition, WHO has established a guideline value of 0.7 ppm for toluene 
in drinking water (WHO, 2004).
2.2.1.3 Ethylbenzene
The major uses of ethylbenzene are in the production of styrene and acetophenone. It is also used 
as a solvent, a constituent of asphalt and naphtha, in synthetic paints, in insecticide sprays and in 
petrol blends (WHO, 1996b). The toxicity of ethylbenzene is low and there is no evidence of 
carcinogenic effects. Guideline values for drinking water and occupational exposure of 0.7 mg/1 
and 100 ppm (8 h per day per 40 h per week) were stated by EPA and OSHA, respectively (Garcia 
and Nollet, 2006). A guideline value of 0.3 ppm were recommended by WHO (WHO, 1996b).
2.2.1.4 Xylene
Xylene is used in the production of insecticides and pharmaceuticals, as a solvent for paints, inks, 
and adhesives and as a component of detergents. Other uses includes; blending petrol and the 
individual use of xylene isomers as a starting material in the production of other chemicals (WHO, 
1996c). Similar to toluene, exposures to high concentration of xylene can cause death, while 
moderate exposures have effects on the brain. A guideline values for drinking water and 
occupational exposure are set by EPA and OSHA at 10 and 100 ppm (8 h per day per 40 h per 
week), respectively (Garcia and Nollet, 2006). A guideline value of 0.5 ppm of xylenes in drinking 
water was set by WHO (WHO, 1996c).
2.2.2 Physicochemical Properties o f BTEX
The physicochemical properties of BTEX compounds are important to know, as they help in 
predicting the environmental fate of these chemicals; these properties are summarised in Table 
(2.2). These compounds are similar in molecular structure, colourless liquid with a sweet odour, 
and most importantly to know that they are highly volatile and their solubility in water is relatively 
low (Garcia and Nollet, 2006, Farhadiana et al., 2008).
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Table (2.2): BTEX physicochemical properties (Valor et al., 2000).
Property Benzene Toluene Ethylbenzene o-Xylene m-Xylene p-Xylene
Chemical structure
Chemical formula 
Molecular weight (g/mol)
Water solubility (mg/L) at 25 °C 
Boiling point temperature (°C) 
Vapour pressure (mmHg) at 20 °C 
Melting point temperature (°C) 
Specific density (°C)
CeHe
78.11
95.19
5.50
ÇH3
C7H8
92.14
1785.5 532.6
80.0 110.6
28.4
-94.9
0.876520 0.866920
2.73Octanol-water partition coefF. 25 °C (log P) 2.13
Henry's law constant at 25 °C (kPa mVmol) 0.557 0.660
Content in water equilibrated with (as ppm) 18 25
Gasoline diesel fuel 7.89 22.8
TOC (as ppm) 0.923 0.913
CgHio
106.17
161.5
136.1
4.53
-94.9
0.867020
3.15
0.843
3
0.906
CgHio
106.17 106.17106.17
-25.2 -47.8
0.880210 0.864220 0.861120
2.2.3 Toxicological and Ecological Effects o f Hydrocarbon Wastewater Streams on 
the Aquatic Environment
The aquatic ecosystem is polluted due to many sources, including oil refineries, and as 
demonstrated in the previous sections; the exact composition of refineries wastewater cannot be 
generalised, because it depends on many factors such as the type of refinery and the units that are 
in operation at that instant. Therefore, it is difficult to predict the exact concentrations of BTEX and 
what effects they may have on the aquatic ecosystem. In addition, various toxicity tests have shown 
that most refineries effluents are harmful to varying extents.
2.2.3.1 Toxicity Tests
The acute lethal test and the sublethal tests are the most important toxicity tests that are applied for 
effluents fi'om oil refineries. The former test requires 96 hours to be applied, and used to determine 
the lethal concentration of organic compounds, while the later is used to determine any reactions
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that are sublethal for the individual or the population as a result of long period of exposure to the 
organic compounds where the effects of such reactions are measured by the growth rate, respiration 
rate, behavioural changes and reproductive success. The sublethal tests play an important role in 
determining the chronic effects; in particular, however the acute tests are most frequently used. The 
toxicity of organic compounds was determined using many species from fish, plankton, larvae, 
bacteria and algae. However, the toxicity of oil and its compounds depends mainly on many factors 
such as the quantity and quality of the effluents, variability of the effluent flow, salinity, the location 
and the proximity of the point of discharge, and the biological, physical, and chemical conditions 
of the discharge area (Jenkins et al., 1979). The oil and its hydrocarbon compounds can adversely 
affect the marine organisms in different ways, by directly killing them; through coating, 
asphyxiation and exposure to high level of the toxic hydrocarbon compounds, and by causing stress, 
sublethal, mutagenic and carcinogenic effects. They can also destruct the sensitive juveniles and 
their substrates and hence impairing the populations (Cote, 1976). Thus, the reduction in primary 
productivity, dissolved oxygen, zooplankton and phytoplankton and populations can cause a 
reduction in fish species and higher aquatic life. Low concentrations of hydrocarbon compounds 
are deleterious to the fish while large concentrations will not only kill the fish, but also will 
completely wipe out all the aquatic life in the marine.
2.2.3.2 Effects on Fish
It has been reported that pure hydrocarbons, after entering the fish body, have different effects on 
the metabolism, growth and development and survival of fish. Many authors have described 
symptoms such as considerable secretion of mucus, neuroparalytic and narcotic deficiency effects 
and asyphyxia (Jenkins et al., 1979). Acute toxic effects were observed in fish at 29 mg/1 of the 
hydrocarbon mixture and at 15 mg/1 there were signs of subacute impairment of glycogen 
conversion.
According to the literature, the lethal concentrations, LC50, for 48h determined for the rainbow trout 
in moving water were 100 -  260 mg/1 for regular grade gasoline and 40 -  80 mg/1 for premium 
grade gasoline. In addition, under the same testing conditions, the lethal concentrations of 50 -  500 
mg/1 were reported for diesel oil, engine oil and heating oil (Jenkins et al., 1979). It was also found 
that the 24-hour LC50 values for Carassius auratus exposed to toluene and xylene were 41.59 mg/1, 
30.55 mg/1, respectively. However, the fish is affected mainly by the hydrocarbon composition in 
refinery wastewater, other factors such as the species of fish, their age, and their state of health, 
have a considerable influence on the toxicity tests and may vary the concentration in the toxic range 
(Cote, 1976, Jenkins et al., 1979). For Lepomis microlophus, the fish tests carried out to determine 
the LC50 on effluents from 22 refineries in USA showed that the toxicity to fish depends primarily
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on wastewater purification and on the complexity of refinery. However, the undiluted effluents that 
were treated by only gravity separation were showed to be acutely toxic to fish (Jenkins et al., 
1979).
In several studies, different species fi'om fish were used to determine the toxicity and the sublethal 
effects of refineries wastewater effluents. Irwin found that there were variations between and within 
the 57 species that were tested. It was discovered that the guppy Libestes reticulatus was more 
resistant than the other species (Irwin, 1965). The effects of refineries effluents from Haldia refinery 
on Tilapia mossambica have been studied. It was found that the L C 5 0 ,  in 96 h, was 54%. The fish 
usually died at 80-100% of refinery effluents and within 24 h. Adverse effects such as respiratory 
distress, surfacing as well as secretion of mucus were found in these species (Saha and Konar, 
1984a). It was observed an increase in respiratory rate of T. mossambica that was exposed to 
concentration levels of 2.10% and 5.84% of oil refinery wastewater. They also found that the 
Tilapia mossambica yield was significantly reduced at 2.10% refinery effluent by using 90-day 
toxicity tests. The fish population that were tested in the experiments were the same over the 90 
day, however indications of respiratory distress and hampered growth were observed (Saha and 
Konar, 1984b). The fathead minnows were studied by Graham and Dorris. The effects observed on 
fish behaviour due to the exposure to refinery wastewater effluent were distress, darkening of 
integument, erratic swimming, paralytic spasms and some immobility periods, after which it 
followed by death of the fish within a few hours (Graham and Dorris, 1968).
2.2.3.3 Effects on Invertebrates
Many papers have described the use of invertebrate to observe the various effects of effluents from 
refineries and their individual components. It was found that the larvae of different Chironomidae 
families react with the oil contamination of their habitat in various ways, so the Orthocladinae prefer 
oil polluted substrates, whereas Tanypodinae and Chironominae avoid these kind of substrates. The 
three species Nilotanypus fimbriatus, Crictopus bicinctus and C. varipes were proposed to be 
employed as indicators of oil contamination, even though the quantification of the oil pollution was 
not possible (Jenkins et al., 1979).
Toxicity tests were performed for the petrochemical and the oil refineiy effluents from BP 
Grangemouth by using 24 and 48 h L C 5 0  tests on four marine invertebrate species. It was 
demonstrated that the sensitivity of the species to the effluent was Praunus flexuosus > Corophium 
volutator > Macoma balthica > Hydrobia ulvae (Wake, 2005). The effects of the effluents on the 
marine invertebrates were observed and it was reported that the petrochemical wastewaters was 
more toxic compared to the refinery wastewater effluents (EIFAC, 1970). The effects o f diluted
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refinery wastewater on Ceriodaphnia were studied by Norbert-King and Mount. They found that 
the female of this species produced fewer young than the controls (Norbert-King and Mount, 1986).
Some studies have tested the toxic effects of individual chemical compounds on the invertebrate. 
The toxicity of individual components released in the oil refineiy wastewaters on the Grass shrimp 
Palaemonetes pugio was examined by 96 h tests, and it was found that the toxicity was in the order 
of No.2 fuel oil > sulphide > ammonia > phenol > chromium > kalinite (Hall et al., 1978). Buikema 
et al. also showed that the fuel oil has the most toxicity effects among the components of an artificial 
refinery mixture (Buikema et al., 1981). In another study to determine the toxicity of refinery 
effluents components, it was discovered that the components that were most toxic to Daphnia 
magna were the steam volatile, aromatics, and base neutral compounds (Reece and Burks, 1985). 
It was also found that the species from different genera and different locations had similar toxicity 
effects. The effects of environmental variables on P. pugio were studied and it was found that the 
temperature had the most effect whereas the other parameters such as photoperiod, light intensity 
and salinity had no significant effect (Hall et al., 1978). Buikema et al. studied the effects of four 
different components; phenol, ammonia, fuel oil and chromate, on Mysidopsis bahia. The species 
that were exposed to fuel oil showed reproductive impairment. Daphnia magna were tested to look 
at the changes in behaviour and in 96 hours tests, those zooplankton exposed to benzene, 
cyclohexane, n-heptane, mobile oil, diesel oil, and refinery effluent, became erratic and 
uncoordinated in the water column (Das and Konar, 1988).
2.2.3.4 Effects on Bacteria and Algae
Patrick and Whipple showed that the aqueous extracts of crude oil and No.2 fuel oil, light gas-oil, 
with hydrocarbon content in the range of 10-12 mg/1, definitely affect the consumption of glucose 
in bacterial populations that exist in the fi-esh water. In addition, it was concluded that the water 
polluted by hydrocarbons, especially in the case of oil spillage, the bacteria function for self­
purification is impaired (Patrick and Whipple, 1977).
It was also proved that the exposure of green algae of the genus Vaucheria to light gas-oil caused 
fatal at concentration in the range of 20-50 mg hydrocarbon/g diy weight. A change in algal 
populations in water bodies occurs as a result of prolonged exposure to hydrocarbon compounds, 
with a shift in the species spectrum from green algae to diatoms and to end with blue-green algae. 
A general drift from autotrophic to heterotrophic conditions were also found with a decline in main 
production that change the nature of the ecosystem. The toxicity effects from different hydrocarbon 
mixtures vary significantly; for example crankcase oil is less harmful than fuel oil (Jenkins et al., 
1979).
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In general, when the algal population was in severe impairment, a decrease in biogenic aeration of 
the water body is expected. The effects of petroleum on phytoplankton were studied by Nuzzi. It 
was found that the aqueous extracts of light and heavy gas-oils have different effects on Nitzschia, 
Navicula, Gyrosigma, Skeletonema, and that the light gas-oil were found to be a growth inhibitor 
(Nuzzi, 1973). Kauss et al. found that the growth stimulation in certain phytoplankton in freshwater, 
such as Anaboena flosaquae, Ankistrodesmus sp. and Tabellaria fenestrata, is as a result of 
petroleum components. Inhibitory effects were displayed by other species, such as Dinobryon 
sertularia and Peridinium sp. (Kauss et al., 1973). In aeration ponds that are used to treat the 
wastewater from oil refineries, a massive multiplication of planktonic green algae was repeatedly 
observed; Scenedemus and Ankistrodesmus, at 1-5 mg/1 of total oil contents. In the case of green 
algae Vaucheria, a decrease in the rate of photosynthesis was observed during acute exposure to 
dissolved hydrocarbons from light gas-oil at a concentration of 1.3 mg/1. High toxicity level was 
reported in daylight than in the dark (Jenkins et al., 1979).
2.2.3.5 Bioaccumulation
Bioaccumulation is a general term to describe the capacity of a living cell to concentrate selectively 
certain organic and inorganic components, and hence controlling the undesirable effects of these 
substances. The bioaccumulation of petroleum hydrocarbons by organisms from the marine and 
estuaries were studied. Different hydrocarbons and organisms have different release times. For 
instance, the effects of oil hydrocarbon effluents on oysters were studied and it was found that the 
oysters exposed to 400 ppm of No. 2 fuel oil for 8 hrs were accumulating 312 ppm of oil 
hydrocarbons in their tissues. Then, these oysters were placed in clean seawater and it was observed 
in 24 hours test that more than 90% of the n-alkanes were released; however the discharge of 
aromatic compounds were much more slow (Jenkins et al., 1979).
2.2.3.6 Effects on the Environment
Most papers published on the fate of refinery effluents on the environment, considered mainly the 
effects of hydrocarbon compounds. One part of the volatile organic compounds present within those 
effluents are lost by weathering (Cranthome et al., 1989), while the remaining is removed by 
sedimentation and biodégradation. It was found that 70% of the hydrocarbons in Southampton 
Water, UK, were removed by sedimentation after 1 h. The high water solubility compounds, like 
aromatics, were adsorbed slower than the compounds that are non-polar such as the aliphatics. The 
biodégradation resulted in 70% removal of hydrocarbon concentrations after 40 days (Knap and 
Williams, 1982). The distribution of hydrocarbons was found to vary with depth. Talsi observed 
that a maximum oil concentration was at 4-14 cm, around the Neste Oy's refinery in Finland, and 
that no degradation occurred at further depth (Talsi, 1987).
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Similar effects were observed on the areas around the outfall of oil refineries to that around the 
refinery effluents. Effects such as low diversity and in some cases absent of fauna were found 
(Wake, 2005). In the Hooghly Estuary, India, the area close to the refinery outfall is completely 
absent of any bottom fauna (Saha and Konar, 1984a). In a few cases, there were no effects noticed 
in close proximity to the wastewater discharge (Monk et al., 1979). Often the area impacted by 
refinery effluents is limited to a certain distance from the point of effluent outfall. This distance 
depends mainly on the conditions of both the receiving water and refinery effluents. It was found 
that the area impacted by effluents was 200 m from outfall in Milford Haven (Petpiroon and Dicks, 
1982), 500 m from the outfall in Bahrain (Taher, personal communication), and 700 m from the 
outfall in the Hoogly Estuaiy (Saha and Konar, 1984a).
Two different groups could be identified depending on the level of impacted area around the 
effluent discharge in Southampton Water. Group 1, which is also called the area of gross pollution, 
had a high level of hydrocarbons and trace metals, dominated by the polychaetes Capitella capitata, 
Hediste diversicolor, Polydora sp., and occurred at stations around the refinery discharge. Group 2, 
had more diverse fauna and was located above and below the zone that was affected (Houston et 
al., 1983).
It is often thought that the oil is the component within the refineiy wastewaters, which causes the 
main adverse toxic effects. However, some field works suggested that it may be other toxic 
components present in the oil refinery wastewater, which cause the undesirable effects. Tolosa et 
al. investigated the composition and the spatial distribution of poly cyclic aromatic hydrocarbons 
and the aliphatic hydrocarbons within the biota and coastal sediments from four GCC countries 
(Bahrain, Oman, Qatar and United Arab Emirates) surrounding the Arabian Gulf (Tolosa et al., 
2005). It was found that the levels of petroleum hydrocarbons and polycyclic aromatic 
hydrocarbons were the highest in sediments offshore from BAPCO, Bahrain Petroleum Company, 
with concentrations of 779 pg/g of total petroleum hydrocarbon equivalents and 6.6 pg/g of total 
polycyclic aromatic hydrocarbons. Whereas total concentrations of hydrocarbons >500 pg/g are 
generally an indication of significant pollution, the levels which are <10 pg/g are considered as 
unpolluted sediments (Volkman et al., 1992). It was reported that the area around BAPCO refinery 
in Bahrain is categorised as being chronically contaminated by pollutants (Tolosa et al., 2005).
By knowing and understanding the effects of BTEX compounds on the environment and the lethal 
concentration values of those compounds in water, its discharge into the natural water resources 
can be regulated to protect the aquatic life.
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2.3 Environmental Regulations and Legislations
In the GCC countries, the BTEX group represent a major problematic pollutant that is mainly 
discharged by the oil refineries and petrochemical plants to surfacewater. All refineries are different 
in their size of units, design, integration of processes, feedstock composition, products and 
environmental facilities. Variations in market situation and owner strategies, location, age and 
developments of the refinery, and available environmental policies and regulations are amongst 
other reasons for the wide differences between refineries in their designs, concepts and units in 
operation. Many of those available policies and regulations to a large extent are influenced by EU- 
directives and other international regulations. Table (2.3).
Table (2.3): A summary of some of the main EU legislation that is applied to oil refineries and 
volatile organic compounds (IPPC, 2003).
Name Concerning
Directive 96/61/EC 
Directive 75/442/EEC as amended 
by Directive 91/156/EEC 
Directive 91/689/EEC 
94/904/EC; Council Decision
Directive 94/63/EC
Directive 96/82/EC
Council Directive 1999/13/EC
Integrated pollution prevention and control 
Waste
Hazardous waste
Establishing a list of hazardous waste pursuant to 
Article 1 (4) of Council Directive 91/689/EEC on 
hazardous waste
On the control of volatile organic compound (VOC) 
emissions resulting from the storage of petrol and its 
distribution from the terminals to service stations 
On the control of major-accident hazards involving 
dangerous substances
On the limitation of emissions of volatile organic 
compounds due to the use of organic solvents in 
certain activities and installations
BTEX compounds found their place on the priority pollutant list of U.S. Environmental Protection 
Agency (EPA, 2003b). These compounds are hazardous contaminants since they are toxic to 
humans at very low concentrations. BTEX compounds appear in the list of hazardous substances 
subject to “Section 311 of the Clean Water Act” and have a reportable quantity limit of 10, 1000, 
1000 and 100 pounds for benzene, toluene, ethylbenzene and xylene, respectively (ATSDR, 2000, 
ATSDR, 2007a, ATSDR, 2007b, ATSDR, 2007c). The reportable quantity limit represents the
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amount of BTEX that when released to the environment, should be reported immediately to the 
appropriate regulatory authority. Recent environmental legislation restricts the concentration of 
BTEX as shown in Table (2.4), (ATSDR, 2000, ATSDR, 2007a, ATSDR, 2007b, ATSDR, 2007c).
The EU Directive for Environmental Impact Assessment (EIA) has identified the oil refineries as 
industries where this is a formal requirement for every project. According to this directive, the 
expected emissions of wastewaters and the necessary abatement measures must be identified prior 
to any project investment. This usually comes under the Environmental Management (EM) that is 
imposed by international authorities (in Europe by EC directive) and gives the industries a 
systematic approach to handle their environmental concerns in a defined manner. As the refining 
of crude oil is a highly regulated industry, the use of an EM allows the refinery to look at the impact 
of the processes and procedures utilised on the environment (IPPC, 2003).
Table (2.4): Regulations and guidelines applicable to BTEX, (ATSDR, 2000, ATSDR, 2007a, 
ATSDR, 2007b, ATSDR, 2007c).
Agency Regulations and guidelines Classifications and values
International
lARC
WHO
Carcinogenicity classification 
Drinking Water Quality Guidelines
Group 1 
0.001 mg/1
National
EPA Designated as hazardous substances in 
accordance with Section 311(b)(2)(A) o f  the 
Clean Water Act
Yes
I
Drinking water standards and health advisories 
1-day health advisory for a 10-kg child 
10-day health advisory for a 10-kg child 
DWEL
10"^  Cancer risk
0.2 mg/1 
0.2 mg/1 
0.1 mg/1 
0.1 mg/1
PQ National primary drinking water standards
MCLG
MCE
Reportable quantities o f hazardous 
substances designated pursuant to 
Section 311 o f the Clean Water Act 
Water quality criteria for human health 
consumption of:
Water + organism 
Organism only
Zero
0.005 mg/1 
10 pounds
2.2 pg/1
51 pg/1
FDA Bottled drinking water 0.005 mg/1
V
1
International
lARC
WHO
Carcinogenicity classification 
Drinking Water Quality Guidelines
Group 3 
700 pg/1
H
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National
EPA Designated as hazardous substances in 
accordance with Section 311(b)(2)(a) o f the 
Clean Water Act
National primary drinking water standards
MCLG
MCE
Drinking water standards and health advisories 
1-day health advisory for a 10-kg child 
10-day health advisory for a 10-kg child 
Longer-term (child)
Longer-term (adult)
Lifetime (adult)
Cancer Classification
Reportable quantity for toluene regarded as a 
CERCLA hazardous substance under section 
311(b)(4), 307(a) and 112 o f the Clean Water 
Act; and by RCRA section 3001
Universal treatment standards 
waste water 
non-waste water
Water quality criteria for human health 
consumption of:
Water + organism 
Organism only
Identification and Listing o f  toluene as a 
Hazardous Waste
Yes
1 mg/1
1 ppm
20 mg/1
2 mg/1 
2 mg/1 
7 mg/1 
1 mg/1 
Group D
1000 pounds
0.080 mg/1 
10 mg/kg
6,800 pg/1 
200,000 pg/1
Yes
International
lARC
WHO
National
EPA
I
Carcinogenicity classification 
Drinking Water Quality Guidelines
Designated as hazardous substances in 
accordance with Section 311(b)(2)(A) o f  the 
Clean Water Act
Drinking water standards and health advisories
1-day health advisory for a 10-kg child
10-day health advisory for a 10-kg child
DWEL
Lifetime
lO'^Cancer risk
National primary drinking water standards
MCLG
MCL
Public health goal
Reportable quantities o f hazardous substances 
designated pursuant to Section 311 o f the Clean 
Water Act
Water quality criteria for human health
Group 2B 
0.3 mg/1
Yes
30 mg/1 
3 mg/1 
3 mg/1 
0.7 mg/1 
No data
0.7 mg/1 
0.7 mg/1 
0.7 mg/1
1000 pounds
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consumption of: 0.53 mg/1
Water + organism 2.1 mg/1
Organism only
FDA Bottled drinking water 0.7 mg/1
International
lARC Carcinogenicity classification Group 3
WHO Drinking Water Quality Guidelines 0.5 mg/1
National
EPA Designated as hazardous substances in Yesaccordance with Section 311(b)(2)(A) o f the
Clean Water Act
Drinking water standards and health advisories
1-day health advisory for a 10-kg child 40 mg/1
X 10-day health advisory for a 10-kg ehild 
DWEL
National primary drinking water standards
MCLG
MCL
Reportable quantities o f hazardous substances 
designated pursuant to Section 311 o f the Clean 
Water Act
40 mg/1 
7 mg/1
10 mg/1 
10 mg/1
100 pounds
FDA Bottled drinking water 10 mg/1
2.4 Treatment Methods for the Removal o f BTEX from Wastewater
Nowadays, volatile organic compounds (VOCs) are commonly treated in industries with air 
stripping or adsorption. Although, the air stripping yields a removal of VOCs of 95-99%, there are 
increasing environmental issues concerning the discharge of VOCs into the atmosphere. The 
adsorption is an efficient process for the removal of both the volatile as well as the non-volatile 
organic contaminants from wastewater effluents to undetectable levels and prevents their discharge 
into the atmospheric environment (Stenzel and Gupta, 1995).
Adsorption is an efficient process in the treatment of industrial wastewater as it is used to 
economically meet the high levels of effluent treatment as well as the water reuse requirements. 
The adsorption has played a major role in a broad spectrum of biological, chemical and physical 
processes in the environmental field.
Wastewaters contaminated by non-ionic organic compounds such as BTEX, are treated by 
adsorption using commercial activated carbon. Activated carbon is one of the most widely used 
adsorbent for the removal of organics due to their high pore volume, porosity and surface area. 
However, the high cost of this material and the need for costly regeneration (about 10-15% loss 
during regeneration) has limited its widespread uses and economical feasibility as an adsorbent
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material, (Swamy et. al., 1997). Taking these into account, it is more efficient, sustainable and 
economic to use natural materials from agricultural and industrial wastes as adsorbents.
Industrial wastes are one of the promising low cost adsorbents for the removal of non-ionic organic 
compounds. Moreover, they may require little processing to enhance their adsorption capacities. 
Industrial wastes are generally generated as by product streams and since they are produced in large 
quantities, they are considered as low cost adsorbents. Many types of wastes generated by industrial 
sites such as fly ash, lignin, waste slurry and metal oxides are employed for their economical and 
ability to adsorb organic hydrocarbons from contaminated wastewaters. Such wastes are found in 
large quantities in a number of countries such as India and Australia (Wake, 2005). These types of 
waste materials have been considered as one of the promising option to produce the chitin and 
chitosan as such fisheiy waste materials are free and produced in large quantity. However, many 
scientists worked to find various alternative low cost adsorbents; so far no work has been carried 
out on obtaining a comparative overview of chitin and chitosan for effective removal of BTEX 
compounds from aqueous streams in terms of their adsorption capability, performance and 
economical feasibility.
Benzene, toluene, ethylbenzene and xylenes, which together known as BTEX, are non-ionic organic 
hydrocarbon compounds. Water contaminated by monoaromatic hydrocarbon compounds would 
cause a very serious problem to the humans as these compounds are toxic and often classified as 
carcinogenic (Pohl et al., 2003, Paixâo et al., 2007). In Bahrain, oil industrial sites (oil refineiy and 
petrochemical plants) are important sources of wastewater contaminated by monoaromatic 
hydrocarbons due to spills, leakage, improper disposal of oily water as well as transportation 
accidents. Moreover, gas work sites, storage tanks (which discharge petroleum and petroleum 
products like diesel fuel, gasoline and lubricating oil), paint manufactures, airports, and chemical 
industries (that produces plastics and synthetic fibres) are also major sources of water 
contamination. These monoaromatic hydrocarbons represent a significant percentage of gasoline, 
which is about 10-59% (mass/mass). Monoaromatic hydrocarbons are more toxic and highly 
soluble in water (three to five times greater) compared to the aliphatic hydrocarbons (Vieira et al., 
2007). Aromatic hydrocarbons are mobile compounds and present in polluted water environment 
as the soil may not adsorb strongly these compounds (Langwaldt and Puhakka, 2000).
Many methods are available for the removal of monoaromatics from wastewater, such as chemical, 
physicochemical and biological treatment methods. However, these techniques may be integrated 
to be used in conjunction with other techniques to reduce the toxicity level of polluted water to an 
acceptable and safe range (Reddy et al., 1999, RAAG, 2000). Furthermore, these methods can be 
divided into in-situ and ex-situ treatment techniques. In-situ remediation is referred to treatment of
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the polluted water in the place, contrary to ex-situ remediation where the contaminated groundwater 
is pumped from the aquifer to the surface to be treated and then reused or re-injected to the same 
aquifer or discharged into surfacewaters or into sewage treatment plants; referred also as “pump- 
and-treat” method. Even though there are many techniques that could be used for the successful 
treatment of contaminated water sites, the selected method of treatment should consider the 
characteristics of components and polluted site, cost and time constraints, and regulatory 
restrictions (Reddy et al., 1999). Various remediation technologies for the removal of organics from 
contaminated wastewater are shown in the following sections.
2.4.1 Biological treatment Methods
Bioremediation is a treatment process in which the naturally occurring microorganisms such as 
bacteria, yeast or fungi, biodegrade or break down the undesirable contaminants into other 
substances that are non-toxic or less toxic to the environment such as carbon dioxide, water, 
methane and inorganic salts. Bioremediation technologies include in-situ or ex-situ bioremediation 
and can be performed under aerobic or anaerobic conditions. Table (2.5).
Table (2.5): Summary of biological methods available for treatment of wastewater contaminated 
by oil compounds.
Category Biological References
In-situ remediation 
techniques
Degradation barriers 
In-situ bioremediation 
techniques (intrinsic and 
engineered bioremediation) 
or In-situ natural attenuation 
(destructive or non­
destructive)
Bioslurping and biosparging
(Guerin et al., 2002, Khan et al., 2004) 
(DENDC, 1995, USERA, 1996, Holliger 
et al., 1997, Wiedemeier et al., 1999, 
Khan and Husain, 2003, Khan et al., 
2004, Farhadian et al., 2008)
(GWRTAC, 1996a, Khan et a l, 2004, 
USERA, 1998)
Ex-situ remediation 
techniques
-  Ex-situ bioremediation 
techniques (aerobic and 
anaerobic bioreactors)
(Holliger et a l, 1997, Guerin, 2008)
Many petroleum hydrocarbons can be degraded by microorganisms occurring in underground 
environments (ERA, 1996). In groundwater, the natural bacteria existent there will biodegrade the 
petroleum compounds to produce their primary source of energy (DENIX, 1995). The
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microorganisms aid in the degradation of hydrocarbon compounds by three processes; aerobic 
respiration, anaerobic respiration and fermentation (Canter and Knox, 1985). During fermentation, 
organic substances can act as electron donors and acceptors while in aerobic respiration, oxygen 
acts as an external electron acceptor. In anaerobic respiration, the microbial activity is achieved 
without oxygen present, so the nitrates, carbon dioxide, sulfates, and other oxidized compounds 
(not oxygen) act as electron acceptors (Riser-Roberts, 1992). The main advantages of 
bioremediation processes are their simplicity, low cost and lack of generation of other waste 
materials (secondary wastes). However, ex-situ bioremediation has been reported to have several 
drawbacks such as the need of energy, pumping of water, production of sludge, stripping of VOC 
and adsorption of BTEX on solids (Farhadiana et al., 2008).
Activated sludge treatment method has been widely used in wastewater treatment industries; 
however the microorganisms, even well acclimatised, can only deal with chemical wastewater 
effluents that contain relatively low levels of BTEX compounds; usually a concentration less than 
100 mg/1, since these compounds have inhibitory effects on microorganisms (Chang et al., 1993, 
Collins and Daugulis, 2008). Unfortunately, various types of wastewaters generated from 
petrochemical plants contain BTEX that exceed this concentration level, and for these cases, 
chemical or physicochemical methods for the treatment of wastewater may offer much better 
acceptable alternatives.
2.4.2 Chemical Treatment Methods
Chemical treatment technologies include coagulation, flocculation, advanced oxidation and 
precipitation processes (Khan et al., 2004, Tiburtius et al., 2005), Table (2.6). Most of these methods 
are inadequate for the treatment of aromatic compounds, for instance, the oxidation processes; 
either chemical or photochemical, are not cost effective and may produce unwanted residual 
contaminants.
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Table (2.6): Summary of chemical methods available for treatment of wastewater contaminated 
by oil compounds.
Category Chemical References
-  Precipitation barriers (Khan et al., 2004)
-  Ultraviolet-oxidation treatment (USEPA, 1995, Asante-
(e.g. UV-ozone and UV- Duah, 1996, Liang et al..
In-situ remediation peroxide) 2003)
techniques -  Injection of oxidation
compounds (O2, H2O2, O3, CI2
(Khan et al., 2004)
-  Phytoremediation (GWRTAC, 1996b, 
Nedunuri et al., 2000)
-  advanced oxidation processes 
(TiCMJV, UV/H2O2, Fenton 
and photo-Fenton)
(Tiburtius et al., 2005)
-  Precipitation, Coagulation and (FRTR, 1999a, Khan et al..
Ex-situ remediation flocculation 2004)
techniques -  Photocatalysis remediation 
(nanoparticle T102/UV)
(Giri et al., 2008)
-  Application of chemical (Bear and Sun, 1998, FRTR,
oxidation compounds (O2, 1999b, Theis et al., 2003,
H2O2, O3, CI2) Khan et al., 2004)
2.4.3 Physicochemical Treatment Methods
Physicochemical techniques such as air stripping, adsorption, reverse osmosis, nanofiltration and 
ultrafiltration, are employed for the removal of volatile organic compounds (VOC) including 
BTEX, Table (2.7). Air stripping represent one of the most common technologies used for removing 
organic compounds effectively from wastewater. Without air emission control this technology is 
not a green one as the monoaromatics transfer from the liquid to pollute the gas phase (Shah et al., 
2004).
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Table (2.7): Summary of physicochemical methods available for treatment of wastewater 
contaminated by oil compounds.
Category Physicochemical References
-  Air sparging (GWRTAC, 1996a, Bass et al., 
2000, Benner et al., 2002, 
Tomlinson et al., 2003)
-  Adsorption barriers (such as (Woinarski et al., 2003, Khan et
In-situ remediation zeolites and activated carbon al., 2004)
techniques barriers)
-  Hydraulic circulation wells (EPA, 1998)
-  Electrical process (Acar and Alshawabkeh, 1993)
-  Capping, barriers and hydraulic 
containment
(Khan et al., 2004)
-  Adsorption by activated carbon (USEPA, 1995, Daifullah and 
Girgis, 2003, Wibowo et al., 
2007)
Ex-situ remediation
-  Electro remediation 
(electrodialysis)
(Khan et al., 2004)
techniques
-  Filtration (membrane) (FRTR, 1999a)
-  Air stripping (FRTR, 1999c, Shah et al., 
2004)
-  Surfactant-modified zeolite (Ranck et al., 2005)
Application of traditional water treatment technologies such as flocculation, sedimentation, and 
filtration are considered as impractical methods for the removal of low level of organic 
contaminants. Among the several remediation methods employed for treating aromatic wastewater, 
adsorption emerge as a potentially environmental, cost and energy effective approach. Therefore, 
applications of adsorption by activated carbon appear to be one of the most effective methods for 
the removal of aromatic compounds, such as BTEX (Daifullah and Girgis, 2003, Wibowo et al., 
2007). However, it is well recognised that activated carbon adsorbent is expensive and has a high 
cost for replacement for a number of countries, especially if they depend solely on the importation 
of this material from a few leading and producing countries. Therefore, it is necessary to examine 
the feasibility of using locally available feedstocks (Yin et al., 2007). It was reported that the market
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price of commercial activated carbon (depending on grade and quality) is about $9-$ 10 per pound 
(Robinson, 2008).
Physicochemical processes using adsorption have advantages over biological treatments, for 
instance, that include: lower sensitivity to variations in flow and toxic substances concentrations, 
lower land area requirements, potential for heavy metal removal, more flexibility in operation and 
design, and superior removal of organic compounds. In addition, the other processes such as 
nanofiltration, ultrafiltration and reverse osmosis are effective post treatment methods that require 
sufficient pretreatment to reduce the cost (Jenkins et al., 1979).
2.4.3.1 Removal o f BTEX Compounds Using Activated Carbons
Among the adsorbent materials, the most popular material used for the removal of a wide variety 
of hydrocarbon contaminants from wastewater is activated carbon (Derbyshire et al., 2001, Babel 
and Kumiawan, 2003). The effectiveness of adsorption process using commercial activated carbons 
(CAC) has made it an ideal alternative to other expensive water treatment methods. This effective 
adsorption capacity is due to their pore structure and texture, large surface area, and chemical 
characteristics, which can be treated to increase their adsorption capacity. Giffm and Davis studied 
the data compiled from monitoring operational records of ground-water pump and treat remediation 
sites in which the adsorption by granular activated carbon was the primary treatment mechanism 
for BTEX (Giffin and Davis, 1998). Another study was carried out on adsorption of BTEX 
compounds by various media (Zytner, 1994). It was found that the order of adsorption preference 
being: granular activated carbon, peat moss, organic top soil, clay soil and sandy loam soil. 
Daifullah and Girgis (2003) studied the adsorption of BTEX by five residues of botanical origin 
activated carbon precursors. The texture characteristics of activated carbons were determined by 
analysis of the N2/77 K isotherms. The adsorptive capacity of the activated carbon obtained was 
dependent on both porosity characteristics and surface chemical nature. All carbons used in the 
experiments showed high content of surface oxygen complexes that were mostly of acidic type. 
The adsorption capacity of BTEX compounds was evaluated for the individual component in the 
mixture and for the total uptake; Table (2.8). The order of uptake were found to be B<T<E<X, 
(Daifullah and Girgis, 2003).
Although, the activated carbon is effective, it has several drawbacks (Babel and Kumiawan, 2003), 
for instance, regeneration of the used activated carbon materials is also costly, not straightforward 
and may cause adsorbent loss. Thus, various studies were carried out to find more economic 
adsorbent materials.
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Table (2.8): Adsorbability of BTEX compounds onto activated carbons from various precursors 
(initial concentration =10 ppm, adsorbent concentration = 1 g/1), (Daifullah and Girgis, 2003).
Uptake (mg/g)
Activated Carbon Benzene Toluene Ethylbenzene Xylene Total
Date pits 8.8 5.0 5.6 6.2 25.6
Cotton stalks 3.0 6.7 8.7 9.3 27.7
Peach stones 3.0 6.5 8.3 8.7 26.5
Almond shells 1.3 5.0 6.5 7.4 20.2
Olive stones 8.3 5.8 6.6 7.2 27.9
2.5 Non-Conventional Low-Cost Adsorbent Materials for the Removal o f BTEX  
Compounds
Many researchers were interested in using alternative adsorbent materials for the adsorption of 
organic compounds to replace the activated carbon materials because of the drawbacks mentioned 
in the previous section. However, published papers that focused on the removal of BTEX 
compounds from wastewater by various natural low-cost adsorbent materials, are rare. Cost is an 
important key factor when comparing adsorbents. When a material is considered to be low cost, it 
should require little processing, occur in nature in large quantities or being a by-product or waste 
material from industries.
A wide range of waste products generated from industries and agricultural operations have been 
tested and proposed for organic compounds removal. Janks studied the removal of BTEX from 
saline produced water by "tailored" zeolites; produced by exchanging amines in the natural zeolites. 
It was reported that the BTEX concentrations were reduced by a minimum of (70 -  85%) in the 
water after treatment (Janks and Cadena, 1991). Raussell-Colom and Serratosa (1987) and Theng 
(1974) found that many polar organic compounds are removed by natural clays. The molecules of 
the adsorbate are able to attach to the external clay surface, clay particle edges and interlayer space 
by electrostatic attraction forces and ion exchange process. Although natural clays adsorb the 
organic constituents, it has more affinity to attract the inorganic contaminants of wastes. This is due 
to the hydrophilic nature of clay materials and to the large molecular size of organic compounds 
compared to that of the inorganic cations (Theng, 1974, Raussell-Colom and Serratosa, 1987). In 
addition, the reduction in attracting the poor water soluble organics is due to the highly polar 
molecules of water which cover the surfaces of clay (Chiou et al., 1983). Lee et al. (2002) 
investigated the influence of adding powdered minerals, including bentonite, for the removal of 
organic matter in a continuous activated sludge reactor. The reactor that was operated at 4000 mg/1
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of minerals concentration showed high improvement in the removal efficiencies of organic 
compounds and the rates of organic removal, compared to the conventional activated sludge (Lee 
et al., 2002). The use of modified bentonite for binding BTEX compounds in contaminated 
solutions was studied. The adsorption isotherms and column leach tests revealed that modified clays 
were effective in removing benzene, toluene, ethylbenzene, and o-xylene. The efficiencies of the 
modified bentonite for the adsorption of BTEX were 75%, 87%, 89%, and 89%, respectively 
(Gitipour et al., 1997).
Sharmasarkar et al. (2004) examined the effectiveness of montmorillonite organo-clays in 
adsorption of BTEX. A batch study was conducted using organo-clays and three organic cations; 
trimethylammonium adamantine (Adam), trimethylphenylammonium (TMPA) and 
hexadecyltrimethylammonium (HDTMA). Adsorption data were well fitted to Freundlich model. 
The adsorption of BTEX followed the order of TMPA>Adam>HDTMA organo-clay materials. The 
amounts of total BTEX mixture that were adsorbed were generally higher than that obtained for 
each compound (Sharmasarkar et al., 2000).
Lin and Huang (1999) conducted theoretical and experimental investigations on the adsorption of 
BTEX compounds by macroreticular resins. They showed that the mass transfer model based on 
the principle of squared-driving force is best for describing the BTEX transfer from the aqueous 
solution to the solid phases. Two model parameters were proposed to describe the BTEX 
breakthrough curves compared to the mass transfer model, which involves only a coefficient for 
the overall mass transfer. The Freundlich isotherm model fit the equilibrium data better than the 
monolayer Langmuir isotherm model (Lin and Huang, 1999).
2.6 Summary
B, T, E and X are monoaromatic compounds produced as wastes in water streams of variety of 
industries. In the GCC countries, the main sources of BTEX wastewaters are oil refineries and 
petrochemical manufacturing plants. Water is now becoming a valuable commodity in these 
countries, and treatment and reuse of refineries wastewaters has a great potential to play in water 
resource management as it can provide a non-conventional sources that supplement the refineries 
need of clean water. However, the quantitative data available for BTEX in refineries effluents are 
generally expressed in terms of the total concentration and show significant range of variability 
depending on each unit in the refinery (operating conditions, potentiality, management strategies 
etc.). These compounds have shown to cause many environmental problems especially to the 
aquatic life in the Gulf region. Some aquatic species are more sensitive to BTEX compounds than 
others and the toxicity of these organic compounds may vary depending on many factors. BTEX 
compounds have been regulated as extremely hazardous pollutants and the oil refineries are
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increasingly being forced both by cost pressures and regulatory to reduce the amount and the 
environmental sensitivity of their generated wastewater.
The problems associated with the presence of BTEX in refineries effluents that is discharged to the 
natural water streams have resulted in developing many treatment methods. According to the 
literature, the most commonly employed treatment methods are biological, chemical and 
physicochemical treatment processes. The most widely used method for BTEX removal from 
refineries wastewater is adsorption onto the surface of activated carbon. A combination of two or 
more technologies is usually more effective for the treatment of hydrocarbon wastewater streams. 
The most common non-conventional low-cost adsorbents for the treatment of BTEX-contaminated 
wastewaters were introduced in this chapter. The next chapter will look into the different 
mechanisms involved during the removal of these compounds by adsorption processes.
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Chapter 3
Adsorbents and BTEX Adsorption
Mechanisms
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3.1 Adsorption: General Concepts
Among the separation methods used by the water and wastewater treatment industries, adsorption 
generally occupies an important place. Adsorption is a term that is used to describe the surface 
phenomenon of a certain solid phase that exploits the ability to preferentially attach ions or 
molecules of substances from the liquid phase onto the surface of the solid by chemical and/or 
physical bonds (Benefield et al., 1982). In general, the adsorption process could be classified into 
three types; physical, chemical and exchange adsorption (Sawyer et al., 2003). In liquid separations, 
adsorption is the treatment technique that is employed to remove the objectionable taste and odour 
compounds, the synthetic organic chemicals, the colour-forming organics, the inorganic substances, 
the disinfection by-products (DBFs), as well as recovering some valuable solvents from dilute 
solutions. In this process, the adsorbed solutes are referred to adsorbate and the adsorbing material 
is the adsorbent.
McBain was first to introduce the term adsorption to describe the selective transfer of molecules to 
the solid surface. The adsorption processes were first employed for the purification of water, which 
involved the improvements of the water taste by charred wood adsorbents, and this has been known 
before at least five centuries (Seader and Henley, 1998). In 1785, Lowitz was first to apply the 
adsorption in solutions for the removal of colour from sugar during refining (Hassler, 1967). In the 
latter half of the nineteenth century, US water treatment plants used charcoal; however it is not an 
activated adsorbent that may contain underdeveloped pores (MWH, 2005). The first adsorption 
units using granular activated carbon (GAC) for treatment of water supplies were then constructed 
in Hamm, Germany, in 1929 and in Bay City, Michigan, in 1930. During the 1920s, the packed 
activated carbon units were perhaps first used in Chicago meat packers to remove the taste and 
odour of the water supplies (Baylis, 1929). The interests in adsorption process for the removal of 
organic compounds from potable water has increased during the mid-1970s, due to the public 
concerns about water sources that were contaminated by municipal discharges, agricultural 
chemicals, and most significantly by industrial wastes (MWH, 2005).
3.2 Bioadsorbents
Despite the prolific application of activated carbon, it remains an expensive material that is difficult 
and expensive to regenerate (Swamy et al., 1997). Taking this into account, this has led many 
researchers to examine the adsorption capacities of low cost and naturally occurring materials. The 
accumulation of toxic materials by biological materials, such as chitin, chitosan, is known as 
biosorption. These biological adsorbents are used as chelating and complexing materials to facilitate 
the concentration and the removal of organic contaminants from solutions. The bioadsorption using 
biopolymers such as chitin and chitosan is one of the reported adsorption methods for the removal
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of hydrocarbons, even at ppm or ppb levels. Natural materials and natural wastes such as chitin and 
chitosan are considered as low cost adsorbents due to their local availability in many countries. 
Fishery wastes such as crab, shrimp, lobster and shells are extensively found in many Asian 
countries such as China, Japan and Thailand. This type of wastes has been considered as potential 
materials for the production of chitin and chitosan.
3.2.1 Chitin
Chitin, a natural mucopolysaccharide, is the second most abundantly available natural biopolymer 
that has been found in many natural sources like the exoskeleton crustaceans and insects, and also 
found in the cell wall of fungi and yeast (Ngah and Musa, 2009). It is also found in the annelids and 
mollusks (Ahmaruzzaman, 2008). Since the beginning of nineteenth century, chitin was first 
isolated by Henri Braconnot, who isolated a fraction from the cell walls of mushrooms and called 
it fungine, in 1811. In 1823, fungine was renamed as chitin, which means tunic in Greek, by Odier. 
Chitin has been obtained commercially from the exoskeleton of crustaceans, for instance crab, 
shrimp and lobster that contains 20 to 40% of the chitin material (No and Meyers, 1995). In contrast 
to petroleum derivatives, the increased use of chitin is motivated by the fact that this material and 
its derivatives is obtained as a by-product of fishery industries, non-toxic, non-allergenic, naturally 
renewable source, as well as being anti-microbial and biodegradable materials. The abundance of 
this waste by-product is only second to cellulose in nature (Ahmaruzzaman, 2008).
Chitin is a polymer of acetylated or non-acetylated glucosamine with 2-acetamido-2-deoxy-b-d- 
glucose. It is mainly characterised by molecular weight and acétylation degree, percentage of 
N-acetylglucosamine in a chitin chain (Divakaran and Pillai, 2001, Juang and Shao, 2002, 
Ahmaruzzaman, 2008). Chitin is a mucopolysaccharide, which is a giant molecule that consists of 
smaller sugar molecules strung together. This bioadsorbent is composed of N-acetyl-D- 
glucosamine; which have a chemical structure that is very close to cellulose molecule except that 
the cellulose has a hydroxyl group attached to the second carbon atom that is replaced in chitin by 
an acetamido group. Thus, the similarity between chitin and cellulose made chitin to serve as similar 
structural functions as the cellulose (Roberts, 1992a).
There are many methods that are employed to extract the chitin from the shells of crustacean; 
however, the basic principles of such extraction are considerably simple. The proteins can be 
removed by treatment in a dilute sodium hydroxide solution, 1-10%, and in a relatively high 
temperature in the range of 85-100°C. Calcium carbonate is removed by demineralising the shells; 
by treating them in an HCl acid at a concentration of 1-10% and at room temperature. The physico­
chemical properties of the chitin obtained will vaiy depending on the extraction treatments and 
conditions; such as concentration of the chemicals, duration, temperature, concentration and size of
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the crushed shells (Roberts, 1992a). In addition, the most important characteristics are the 
polymerisation degree, acétylation and purity. Shells may also contain lipids and pigments, and 
hence a polishing step to decolorize the chitin is needed to obtain the white chitin. The 
decolourisation step is carried out by soaking in organic solvent or in dilute sodium hypochlorite 
solutions. It is important to note that such treatments will affect the molecular characteristics of 
chitin.
3.2.2 Chitosan
Chitosan is a chitin derivative with residues of 2-acetamido-2-deoxy-b-d-glucopyranose and 2- 
amino-2-deoxy-b-d-glucopyranose. It is a highly specialised linear cationic polysaccharide 
established as a widespread abundant derivative of chitin, a biopolymer of main industries in the 
world. Figure (3.1). Chitosan is the W-deacetylated product of chitin, which is a natural polymer 
next to cellulose in production. Chitosan appears to be economically attractive as the chitin is the 
main component of crustacean and arthropod shells such as crabs, shrimps, lobsters, prawns, krill, 
insects and cuttlefishes (Dabrowski, 2001). It is reported that more than forty thousand tonnes of 
chitin is available from fisheries each year. Chitosan is produced by chemical treatment of chitin 
and also could be found in nature in some fungal cell wall. It was reported that approximately 
1000,000-4000,000 pounds is obtained at a $1.00-$2.00 per pound as a market price of chitosan 
(Bailey et al., 1999). A chemical treatment of raw chitin by strong alkaline solution (40%-50% of 
sodium hydroxide) at boiling temperature in the range of 110-115°C, allows an increase in the 
deacetylation degree and formation of chitosan (Muzzarelli, 1973). Chitosan and chitin are similar 
in their chemical structure to cellulose. The only difference between them is the location of 
functional R group, which is situated in chitosan at carbon 2 of the carbohydrate unit. Chitin is a 
linear polysaccharide polymer containing 2-acetamido-2-deoxy-D-glucopyranose joined by /?(1 —» 
4) glycosidic bonds. Chitosan, or poly(^-l-4)-2-amino-2-deoxy-D-glucopyranose, is a poly(D- 
glucosamine) is formed from chitin by deacetylating the acetamido group (Guibal, 2005). 
Chemically, chitosan is a polycationic or poly(A-glucosamine) polymer.
Chitosan is hydrophilic, non-toxic, biodegradable, biocompatible, anti-bacterial, bioactive, and 
polycationic material. Chitosan which is the main product of chitin has a large number of hydroxyl 
and amine groups which can be chemically and/or physically modified (Wu et al., 2000, Juang et 
al., 2001, Ravi Kumar et al., 2004, Sun and Wang, 2006). It appears that chitosan is more useful 
compared to chitin, because of the amine group that is present in chitosan. The reactivity and 
solubility of chitosan are greater than chitin (Hameed et al., 2007a). The major applications of 
chitosan proposed in many recent patents and publications that are reviewed in various industrial 
and biomedical fields include chromatographic support, wastewater treatment, carriers for
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controlled drug delivery and enzyme immobilization (Muzzarelli, 1983, Vachoud et a l, 2001, 
Chang and Juang, 2004, Hameed et al., 2007b).
OH ■OH OHOH OH OHCellulose HO HO HO
HO HO
OH OH OH■OH OH OH
OH ■OH ■OHNHAc NHAc NHAc
HO- HOChitin HO HO HO
NHAc NHAc NHAc■OH ■OH ■OH
■OH OH ■OHNHz NH2Chitosan HO HO
HO-
NHz NHz NHz■OH ■OH ■OH
Figure (3.1): Chemical structure of cellulose, chitin and chitosan (Kurita, 2001).
The excellent chitosan behaviour in adsorption is attributed to;
(i) the polymer is highly hydrophilic due to the presence of hydroxyl groups.
(ii) the large number of functional groups present in the polymer such as primary amino, 
hydroxyl and acetamido groups.
(iii)the chemical reactivity of the functional groups that is high.
(iv) the structure of the polymer chain, which is highly flexible.
Chitosan is formed when chitin is heated in a strong sodium hydroxide solution (>40%) and at high 
temperature (90-120°C). In this treatment, the acetylic groups on amine radicals of each monomeric 
chitin are removed to produce the chitosan that is able to dissolve in solution (Roberts, 1992a). The 
deacetylation degree is greatly dependant on temperature, duration, and concentration of sodium 
hydroxide solution used for the treatment. In addition, the chemical characteristics of chitosan such 
as molecular weight, polydispersity, and purity, will vary depending on the treatment methods, 
equipment and source of the shells. Hence, it is crucial to control precisely the treatment methods 
of chitin in order to produce the chitosan which has the exact characteristics required for the end of 
use application of the desirable product (Muzzarelli, 1973).
The main characteristics of chitosan that should be considered are: the molecular weight, the degree 
of deacetylation and the purity. Chitosan molecule is formed by repeating units of D-glucosamine, 
sugar, and thus the molecular weight is important to be reported for a particular application. It was 
reported that the molecular weight of native chitin to be as high as many million Daltons. The 
deacetylation in an inert environment could preserve the molecular chain; conversely, low 
molecular weight is obtained by different methods including the enzymatic or the chemical
39
________Kinetic and Removal Mechanisms o f BTEX Compounds from Aqueous Solutions by Chitin, Chitosan and Enhanced Chitosan
methods. When the chain is converted from short to shorter, the chitosan may dissolve directly in 
water without any need of acid solution. This is particularly useful for certain application when the 
pH should be at a value around 7.0. The molecular weight of chitosan is generally measured using 
gel light scattering, permeation chromatography, or viscometry. The viseometry is the most 
common method that is used because of its simplicity; however, it is influenced by concentration, 
ionic strength, temperature, pH, type of acids, molecular weight (Muzzarelli, 1973, Roberts, 1992a).
Degree of deacetylation (DAC) is a common term that is used to characterise the chitosan, since 
this material is produced by deacetylation of chitin. The value of DAC indicate the proportion of 
monomeric chitin from which the acetylic groups is removed and the proportion of free amino 
groups, which is reactive after dissolving in a weak acid, on the polymer. The degree of 
deacetylation may vary from 70 to 100%, depending of the method of manufacturing that is used. 
It is a key feature parameter that indicates the cationic charge of the chitosan molecule after 
dissolving in acid. Moreover, it is measured by many methods such as the UV and infrared 
spectroscopy, nuclear magnetic resonance, acid-base titration, dye absorption, etc. (Muzzarelli,
1973).
Finally, the purity of chitosan is vital particularly if it is used for high-value product application. 
The purity of chitosan is quantified by the remaining proteins, ashes, insolubles, and the bio-burden 
(yeasts, microbes, and moulds). Although that in the lower purity of chitosan such as that used for 
the treatment of wastewaters, the purity is an important parameter since the remaining proteins or 
ashes tend to block the active sites, or the amine grouping. Since the sites may not be available for 
binding, a greater quantity of chitosan is needed to become effective (Muzzarelli, 1973).
3.2.3 Applications o f Chitin and Chitosan in Water and W astewater Treatment
Chitin and chitosan are extracted as an industrial by-product of crustaceans (krill, crab, and 
crayfish) from food processing industries. The estimated production of crustacean shells worldwide 
is 1.2 X 10  ^tones annually. In addition, the chitin and protein recovery from this waste material 
represents an additional source of revenue, since the utilisation of wastes generated from an industry 
to treat the wastewater produced by another industry could be helpful to the environment; in solving 
the problem with solid waste disposal, and the economy (Teng et al., 2001). Chitin and chitosan 
have an increasing applications in water and wastewater treatment in removal of dyes in textile 
industries, metal ions, and many organic compounds in various industries (Divakaran and Pillai, 
2001, Juang and Shao, 2002).
Nowadays, physicochemical treatment methods are widely used in the treatment of potable water 
and wastewater. The major drawback of using the synthetic chemical products for such treatment
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is the risk of ecological pollution. Therefore, treatment of wastewater using "greener" products has 
been an environmental necessity. Chitin and chitosan, due to their natural origin and being 
biodegradable products, have proven to be a potential alternative from several points of view. Here, 
a few characteristics of chitin and chitosan which offer ecological solutions (Roberts, 1992a);
• Natural and biodegradable products.
• Powerful competitor for the synthetic chemical products.
• Eliminates the polymers from the treated water and potentially reduces the use of alum.
• Improves the efficiency of the system; chemical oxygen demand and suspended solids.
• Reduces the odour significantly.
3.2.4 Adsorption o f Organic Compounds by Chitin and Chitosan
Chitin and chitosan were used in a number of water and wastewater treatment applications for the 
removal of organic compounds. Chitin has been used for dye removal, and chitosan has been 
employed as a coagulating agent for suspended solids and for the removal of metal cations (Lii et 
al., 2001, Ngah and Musa, 2009). Dursun and Kalayci found that the highest adsorption capacity of 
phenol onto chitin was 21.5 mg/g. The chitin was tested for the equilibrium, kinetic as well as 
thermodynamic aspects. They found that the equilibrium data were well fit by the Freundlich 
isotherm model. The pseudo-second order rate model provided the best fit for the adsorption data 
compared to the pseudo-first order rate model. The thermodynamic results showed that adsorption 
on chitin were endothermie and spontaneous (Dursun and Kalayci, 2005). Another study was made 
on chitin and chitosan applicability as adsorbent materials to solid phase extraction of chlorophenols 
and phenol (Rhee et al., 1998). Annadurai et al. (2000) studied the chitosan that was immobilised 
with matrix P. putida, in order to increase the adsorption uptake of phenol on this sorbent material. 
The adsorption using the chitosan immobilised matrix reduced the toxicity of adsorbate and the cell 
growth contributed significantly to the rate of removal. The Langmuir, Freundlich and Redlich- 
Peterson isotherms were used to describe the equilibrium data. It was also found that the 
intraparticle diffusion to be a rate-limiting step (Annadurai et al., 2000). Chao et al. used 4- 
hydroxybenzoic acid, 3,4-dihy droxybenzoic acid, 3,4-dihydroxypheny 1-acetic acid, and 
hydrocaffeic acid, individually, as substrates of tyrosinase to graft onto modified chitosan. It was 
found that the final contents of carboxyl groups in the sorbent material (in mmol carboxyl groups/kg 
chitosan) as 46.36 for 4-hydroxybenzoic acid, 70.32 for 3,4-dihy droxybenzoic acid, 106.44 for 
dihydroxypheny 1-acetic acid, and 113.15 for hydrocaffeic acid. The Langmuir isotherm model was 
found to describe the adsorption process (Chao et al., 2004). Juang et al. used the chitin and chitosan 
from lobster shell wastes as adsorbents for the removal of dyes from aqueous solutions. It was 
observed that the chitin and chitosan had high adsorption capacities for the reactive dyes. The
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equilibrium data was fitted well to Langmuir equation under the concentration range (50-500 mg/1). 
Chitosan was found to be more effective compared to both the chitin and the commercial chitosan 
(Juang et al., 1996). The adsorption of commercial reactive dye RR222 on flake- and bead-types of 
chitosans from shrimp, crab, and lobster shells, were also studied by Wu et al. Langmuir equation 
could fit all the equilibrium data obtained. It was shown that the adsorption capacity and the rate of 
adsorption of the reactive dye RR222 on bead type was greater than that on flake type by a factor 
of 2.0 to 3.8. However, the pseudo first-order and second-order rate models could not successfully 
confirm the adsorption mechanism (Wu et al., 2000).
3.2.5 Adsorption Mechanisms o f Organic Compounds from Aqueous Solutions
Adsorption from aqueous solutions involves complicated interactions between three components; 
the adsorbent, the adsorbate and water. Three interactions should be considered in this process; 
adsorbate-water interactions, adsorbate-surface interactions, and water-surface interactions. The 
degree of adsorption is usually controlled by the strength of adsorbate-surface interactions as 
compared to the other interactions; water-surface and adsorbate-water (MWH, 2005). In general, 
the adsorption process takes place in three steps (Tchobanoglous et al., 2003);
1. Bulk liquid phase transport. In this step, the molecules of the adsorbate transfer from the bulk 
liquid phase into the boundary layer of a fixed liquid film, which surround the solid phase. The 
driving force is advection and dispersion forces.
2. Film diffusion transport. Here, the adsorbate diffuses from the fixed liquid film to enter the 
pores of solid phase.
3. Transport into pores and adsorption. The adsorbate, in this step, will be attached to the 
adsorbent at the vacant sites of adsorption by a combination of diffusion of molecules onto the 
extensive inner surface of adsorbent pores and/or diffusion along the surface of the adsorbent 
(Snoeyink and Summers, 1999).
The adsorption process is mainly controlled by the affinity between the adsorbate and the adsorbent. 
Another major contributor to this process is the affinity between the adsorbate and the water, or the 
solubility. Therefore, the hydrophobic materials which have low solubility in water tend to be 
attracted by the adsorbent and hence they are more able to be adsorbed than the hydrophilic 
compounds (Oskouie et al., 2002). In addition, the hydrophobic materials usually have strong 
affinity for organic molecules which have limited solubility in water (Stoeckli and Hugi-Cleary, 
2001). The rate of adsorption of organic compounds depends mainly on, but not limited to, the 
following factors (Kumar et al., 2004, MWH, 2005);
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1. Adsorbent properties, which includes surface area, pore structure, surface functional groups, 
pore volume, total pore volume and total pore area. In general, the rate of adsorption increases 
with increase in the adsorbent surface area.
2. Adsorbate properties, such as solubility of adsorbate in water (adsorption rate oc 1/solubility), 
functional groups, polarity, degree of ionization (adsorption rate oc 1/dissociation constant), 
molecular weight and molecular size. An increase in molecular size of adsorbate favours 
adsorption.
3. Solution conditions; i.e. surface tension of solvent, ionic strength, background compounds, pH 
and temperature. The substances that have low affinity with solvent in which they are dissolved 
are more attached to the solid surface; as in the case for organic compounds, whereas the 
molecules that have high affinity to the solvent are less concentrated on the solid surface than 
the bulk solution; like inorganic compounds.
In this context, it is essential to distinguish between the types of adsorption mechanisms in solid 
phase adsorbents. The adsorption in solid phase is due to three forces: (1) the electrical attraction 
forces of the adsorbate to the solid surface (exchange adsorption): (2) physical attraction forces 
(physical adsorption or physisorption): or, (3) chemical reactions (chemical adsorption or 
chemisorption). In the adsorption of organic compounds there is certain predominant force of 
attraction result usually from certain functional group on the adsorbate or the adsorbent surface, 
which can be described by the term ‘specific adsorptions’. Physical and chemical adsorption 
mechanisms are presented in Table (3.1). Physical adsorption is caused mainly by nonspecific 
binding forces, such as ‘van der Waals’ forces of attraction. This process is rapid, reversible and 
exothermic with a typical heat of adsorption that is in the range of 4 to 40 kJ/mole (it is greater than 
the heat of dissolution of liquids by 2 times), (MWH, 2005).
In chemical adsorption, a chemical reaction occurs with a substantial rearrangement of electrons. 
A chemical bond subsequently formed between the surface of adsorbent and the adsorbate 
molecules. This bond may lie anywhere between the nature of ionic or covalent bonds. The heat of 
adsorption for chemical adsorption is typically greater than 200 kJ/mole. The chemical adsorption 
is usually irreversible, and if  desorption process occurs; it is usually accompanied by a chemical 
change in the adsorbate molecule. This is why the chemical adsorption is commonly referred to the 
term “irreversible adsorption”. While physical and chemical adsorption mechanisms can be easily 
distinguished at their extremes, there are some few cases that fall between these two mechanisms, 
since the highly unequal sharing of electrons cannot be usually distinguished from the high degree 
of distortion of electron cloud that occurs with physical adsorption (Satterfield and Sherwood, 1963,
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Kipling, 1965, Adamson, 1982). Most water and wastewater treatment applications using 
adsorption process involve both mechanisms; physical and chemical adsorption.
Table (3.1): Typical characteristics of physical and chemical adsorption mechanisms (MWH, 
2005).
Parameter Physical Adsorption Chemical Adsorption
Binding forces Due to physical force of Due to chemical forces or the
adsorption, such as ‘van der reaction between the adsorbate and
Waals’ attraction forces the surface of adsorbent to form a 
covalent or ionic bonds, thus this 
process is also called as activated 
adsorption
Type of reaction Reversible and exothermic Typically irreversible and 
exothermic
Adsorption Limited by mass transfer Variable
process speed
Saturation uptake Multiple layer phenomena Single molecular layer phenomena
Activation energy No activation energy is Activation energy may be
involved involved
Temperature Adsorption is favourable at Adsorption can take place even at
range (over which low temperatures that is below high temperature
adsorption occurs) the adsorbate boiling point
Nature of Amount of adsorbate removed It depends on both adsorbent and
adsorbate depends more on adsorbate 
than adsorbent
adsorbate
Heat of adsorption 4 - 4 0  kJ/mole > 200 kJ/mole
Moreover, the adsorption is a spontaneous process which occurs when the free energy of 
adsorption; AG ad, has a negative value. Generally, a number of energies contribute to the adsorption 
free energy, which can be grouped into two groups the non-electrostatic energies and the 
electrostatic energies (Radovic et al., 2001, Moreno-Castilla, 2004);
AG.ad ^^non-elec  "b elec (3.1)
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While at atomic level the interactions of all ions and molecules are usually found to be ‘electric’, 
this term is just restricted to ‘coulombic interactions’ and will be discussed in more details in the 
section 3.2.6. The other interactions present in adsorption process are termed as ‘non-electrostatic’, 
whatever their origin. When the adsorbate is an electrolyte, which is dissociated or protonated in 
diluted solutions under specific experimental conditions, the electrostatic interactions occur as 
either attractive or repulsive. These interactions depend strongly on the charge densities for both 
the adsorbate molecules and the adsorbate surface and on the degree of ionization of the solution. 
On the other hand, the non-electrostatic interactions are almost always attractive that include ‘van 
der Waals’ forces, hydrogen bonding and hydrophobic interactions (Moreno-Castilla, 2004).
For a comprehensive representation of adsorption phenomena, it is necessary to give account for 
the ion exchange process.
3.2.6 Ion Exchange
As mentioned earlier that one of adsorption mechanisms is exchange adsorption. Although some 
authors consider the ion exchange as a unit operation in its own rights that has its own special areas 
of applications, but sharing theory with adsorption. The ion exchange process, which will be 
discussed here as a class of adsorption mechanism, is generally used to describe the adsorption that 
is characterised by electrical attraction forces between the adsorbate and the exchange surface of 
the adsorbent (Sawyer et al., 2003). In this process, the ions of a substance are concentrated at the 
surface because of the electrostatic attraction forces to the sites of the adsorbent that are opposite 
in charge. The rate at which the diffusion of ions between the exchanger and the liquid phase is 
determined not only by the differences in concentrations in both phases, but also because of the 
necessity of maintaining electoneutrality in the two phases (Coulson and Richardson, 1991).
Ion exchange can be used to remove organic compounds from aqueous solutions by exchanging the 
mobile ion (M), with an exchangeable ion of the same charge (E) on the surface of adsorbent. This 
exchange can be simply written as:
F E + M  o  F M - f - (3.2)
where, FE  and F M  are the ion exchanger phase denoted by bar (Whitehead, 2000). The exchange 
reaction is reversible and the exchange is more preferential with the present of other mobile ions. 
Multivalent ions; like trivalent ions, are attracted more strongly to the sites of opposite charge than 
the monovalent ions (Sawyer et al., 2003). In general, the smaller the size of the ions (hydrated 
radius); the greater is the electrostatic attraction to the sites on the surface.
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The ion exchange process which includes a number of distinct stages is presented in Figure (3.2), 
(Bolto and Pawlowski, 1987, Coulson and Richardson, 1991). Both ions and molecules are present 
in the bulk phase of an aqueous liquid. The solid medium can provide sites that have fixed surface 
charges for ion exchange, as well as porous sites on which molecular adsorption will take place. 
The similarity between the two processes; the ion exchange and adsorption process, is apparent in 
Figure (3.2). Furthermore, some of these sites, like those on mineral oxides, are considered to have 
variable charges that can be protonated and deprotonated based on the prevailed bulk phase pH and 
the ionic strength conditions (loannidis and Anderko, 2001). The ion exchange reaction is very 
rapid and the ion diffusion into the thin liquid film on the surface and into the sites of ion exchanger 
is the rate limiting steps.
Liquid Film
Ion Exchanger
(3) Ion exchange reaction takes 
place on the sites of ion 
exchanger surface
(1) Diffusion of mobile ion (M^) from bulk 
solution into a thin liquid film surrounding 
the surface of ion exchanger
(2) Diffusion of ion into the ion 
exchange sites
Bulk Solution
I (4) Diffusion of exchanged ion from the ion 
y exchange sites into the liquid film
(5) Diffusion of exchanged ion into the liquid 
film surrounding the ion exchanger surface 
and into the bulk liquid
Figure (3.2): Ion exchange process (Reproduced from Coulson and Richardson, 1991).
Ionized and non-ionized species may coexist in the aqueous solution. The non-ionized species are 
removed primarily from the solution by van der Waals forces that are formed between the non- 
ionized species and the surface of adsorbent, whereas the ionic species are removed primarily by 
exchanging ions between the ionized species and the ion exchanger. Therefore, the removal 
mechanisms of ionic and nonionic species are different; the former is removed mainly by ion 
exchange mechanism while the latter is removed mainly by adsorption mechanism (Chan and Fu, 
1998, Carmona et al., 2006).
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Typical ion exchange materials are either organic ion exchangers (such as polymers), or inorganic 
ion exchangers (such as zeolites) that can be natural or synthetic. Ion exchangers can be selective; 
have binding preferences for some contaminant ions or classes of ions, or unselective depending on 
the exchanger chemical structure. This also will depend on the charge of the ions, their size, and 
their structure (Coulson and Richardson, 1991).
3.3 Adsorption Mechanism Studies
The adsorption isotherm is a dynamic concept that describes the affinity of the adsorbate to be 
adsorbed onto the surface of an adsorbent and quantify the amount of adsorbate that is adsorbed at 
equilibrium and at constant temperature. The adsorption equilibrium is achieved when the 
adsorption rate of molecules from the solution to the surface of solid is equal to the desorption rate. 
However, the physical-chemistry process that is involved in adsorption is complex and there is no 
single theory stated that explain all the adsorption conditions in the solid-liquid systems. The 
adsorption mechanisms in liquid-solid systems that take place on the adsorbent are still ambiguous, 
since most of the adsorption models have been developed for gas-solid adsorption (Randtke and 
Snoeyink, 1983, Coulson and Richardson, 1991).
Adsorption isotherms are normally used to define the relationship between the quantity of 
molecules adsorbed per unit mass of solid material and the concentration of adsorbate in solution 
at equilibrium and at constant temperature. The adsorption isotherm is identified by contacting 
known amounts of solid with adsorbate in solution until the adsorbate concentration does not 
change with time, or reaches the equilibrium state.
3.3.1 Adsorption Isotherm Models
Among all phenomena the adsorption process, as discussed in section 3.2.5, which proceeds through 
varied steps such as mass transfer of adsorbate onto the external surface of adsorbent followed by 
interaparticle diffusion, represent a universal phenomenon. The affinity of a mobile phase (liquid 
or gaseous) to be transferred onto the solid surface of an adsorbent is generally quantified using the 
adsorption isotherms, which describe the amount of adsorbate that is adsorbed at equilibrium and 
at constant temperature, and that is why it is called an “isotherm”. The plot that describes the 
relationship between the concentrations of species retained on a solid is a major tool in predicting 
the substance mobility in the environment. Adsorption equilibrium is a dynamic concept that is 
achieved when the rate at which the molecules are adsorbed onto the surface of adsorbent is equal 
to the rate at which they are desorbed. The adsorption isotherm is importantly controlled by the 
kinetic of the reaction. Moreover, the physical chemistry involved in this condition may be complex 
and there is no single theory of adsorption that has been stated to explain all the liquid systems.
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Several papers have presented demonstrations, procedures, protocols, and problems associated with 
describing the mechanisms and shape of adsorption equilibrium isotherms. The oldest models 
describing the adsorption equilibrium isotherms are still being used to predict the adsorption 
performance even though the assumption on which those models based on were found to be not 
entirely valid in the later years (Randtke and Snoeyink, 1983, Coulson and Richardson, 1991).
When investigating about adsorption of organic solutes from solutions onto solid surfaces, it is more 
convenient to differentiate first between the two terms; adsorption from “dilute solutions” and 
adsorption from “binary or multi-component mixtures”, which cover the entire concentrations in 
the solution (Alkhamis and Wurster, 2002, Moreno-Castilla, 2004). In addition, most of the 
published research papers are on the adsorption of organics from dilute solutions compared to the 
adsorption from binary mixtures; the former subject is much more important than the later.
Furthermore, the specific adsorption mechanisms that take place on the adsorbent to remove multi- 
organic compound mixtures from the aqueous solutions are still ambiguous. This is because most 
of the adsorption models have been developed for gas-solid system that is better understood than 
the liquid-solid system. However, the adsorption theories that are developed for gas-solid system 
are still applied for liquid-solid system with little confidence in designing equipment. The major 
differences between adsorption of gas-solid system and liquid-solid system are as following 
(Lyklema, 1995, Moreno-Castilla, 2004):
1. In real cases, the solution is a dynamic system that typically contains more than one 
component; at least two substances can be adsorbed from the solution. In dilute solutions, the 
removal of one molecule; like (molecule A), by adsorption essentially represents the 
replacement of another molecule (molecule B). Therefore, the mechanism of adsorbing 
molecules from aqueous solution is also considered as an ion exchange, thus the molecules 
are not only adsorbed as a result of the attraction forces between them and the solid surface 
but also as a result of the rejection forces between them and the solution. A demonstration of 
this is the adsorption of molecules of hydrophobic adsorbate on the solid surface of 
hydrophobic nature, which is not only driven by the attraction forces between the molecules 
and the surface as the main driving force would be the dislike of water molecules to the 
adsorbate molecules.
2. Isotherm models for the adsorption from aqueous solution may be considered as a non-ideal 
system and this is due to the non-ideality of the solution and not only to the lateral interaction 
between the molecules adsorbed.
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3. Multilayer adsorption of molecules from the bulk liquid phase is unusual compared to that 
from gas phase, due to strong screening forces of interactions in the condensed fluid.
By adsorption isotherm models, the adsorbent capacity for adsorbing particular molecules is 
normally evaluated. These models represent the first data that is usually developed as a tool to 
differentiate between different types of adsorbents and thus to select the most appropriate model 
for specific applications. Thereby, the obtained shape of the adsorption isotherm model is the first 
tool to diagnose the nature of a particular adsorption phenomenon. Many types of equilibrium 
isotherms were proposed but the most commonly used models in liquid-solid systems are the five 
isotherms presented in Figure (3.3), (Lyklema, 1995). Generally, it is not possible to predict an 
isotherm shape for a given system, but it has been found that some isotherms are often associated 
with the adsorbate properties or a particular adsorbent. For instance, charcoal with pores with just 
few molecules will almost always show type II isotherm. When the cohesive forces between the 
molecules of adsorbate are more than the adhesive forces between the adsorbent and adsorbate, the 
obtained shape is likely to be type V for a porous adsorbent. Additionally, some adsorbents show 
three stages of adsorption that can be discerned (Lyklema, 1995, Moreno-Castilla, 2004).
30
1
Equilibrium Concentration
Figure (3.3): Classification of isotherms into the five most common adsorption types found from 
dilute aqueous solutions (adapted from Lyklema, 1995 and Moreno-Castilla, 2004).
Type I isotherm, or the long linear isotherm, are unusual in adsorption process however it is 
normally found in the initial stage of most isotherms and on a homogeneous solid surface. Type II
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is the Langmuir type, or often called ‘L’ type that is commonly obtained even when the assumptions 
of Langmuir model are not totally satisfied. Type III is Freundlich isotherm, the ‘F’ type, which is 
typically applied for a heterogeneous solid surface and possibly is the most used one among other 
models. Type IV; the high-affinity isotherm, wherein a very steep rise in initial part is observed, 
followed by pseudo plateau. Type V isotherm is the Sigmoidal isotherm, or ‘S’ type, that have been 
obtained from homogeneous surfaces (Lyklema, 1995).
The adsorption fi*om aqueous solutions is statistically simple as the solvent can be presented as 
primitive, which is to say as structureless continuum. Therefore, most authors found that all the 
equations derived for monolayer gas-solid adsorption system remain valid and can be used after 
replacing the gas pressure by the liquid concentration and modifying some parameters dimensions 
(Moreno-Castilla, 2004).
The equilibrium data at a given temperature, which is also known as adsorption isotherm, define 
the relationship between the quantity of adsorbate adsorbed per unit mass of solid and the 
concentration of adsorbate in solution. To determine the adsorption isotherm; known amounts of 
solid and adsorbate in solution are contacted at constant temperature until the concentration of 
adsorbate does not change with time. The adsorption isotherm can be determined from the values 
of the sorbate concentrations in the solution measured at the start and at the equilibrium. The most 
frequently used equilibrium isotherm models for the adsorption systems are Langmuir, Freundlich, 
Redlich-Peterson, Temkin, and Dubnin-Radushkevich isotherms that are explained in the 
following sections. The analysis of these models involves the determination of the best fit for the 
equilibrium data and the estimation of relevant parameters such as surface heterogeneity and energy 
calculation. The following models were adopted for representing the data obtained in this 
experimental work.
3.3.1.1 Langmuir Isotherm Model
The Langmuir isotherm is used to describe the equilibrium between the surface of solid and the 
solution as a reversible chemical equilibrium (MWH, 2005). It is assumed that the adsorbent surface 
is made up of fixed individual adsorption sites where molecules of adsorbate are bounded by 
physical (heat and mass transfer) and chemical reaction steps. The process first proceeds by the 
rupture of bonds in the molecules that is followed by the formation of new bonds; the molecules 
are chemisorbed onto the solid surface. This transfer process, chemisorption, depends usually on 
the reactions between the molecules and the unsaturated sites, which is also called “active sites” 
and exist on the surface of solid and can be considered as an elementary step of the reaction 
mechanism (Sundstrom and Klei, 1979, Coulson and Richardson, 1991, MWH, 2005). The 
relationship between the vacant surface sites of adsorbent and the adsorbate molecules bounded to
50
________Kinetic and Removal Mechanisms o f BTEX Compounds from Aqueous Solutions by Chitin, Chitosan and Enhanced Chitosan
the surface sites is described by the following reaction (Coulson and Richardson, 1991 and MWH, 
2005):
Ka
A +  (3.3)
Kd
where = vacant surface sites on the adsorbent 
A = adsorbate molecules in solution 
A.S = adsorbate molecules bounded to the surface sites
The rate of adsorption of molecules A is proportional to the rate at which the molecules is bounded 
onto the adsorbent surface S, which in turn is proportional to the adsorbate concentration in the bulk 
liquid at equilibrium Q , and to the fraction of unoccupied sites; where Kt, and Kd are Langmuir 
adsorption and desorption rate constants, respectively.
=  (3.4)
Equation (3.4) is usually applied when only one molecule of adsorbate is transferred onto the solid 
surface site. Similarly, the rate of desorption is proportional to the fraction of surface bonded by 
molecules, 6a .
ra =  Ka 0^ (3.5)
At equilibrium, the rate of adsorption of adsorbate is equal to the rate of desorption; and hence = 
Tfi. Therefore,
K a C e ( l -6 A )  = KaeA (3.6)
Rearranging equation (3.6), the fraction of solid surface bounded by the adsorbate, which is 
proportional to the concentration of adsorbate adsorbed, is given as:
a _  (3.7)
Ka + KaCe~ l  + K^C, 
where K^= Langmuir adsorption equilibrium constant, =  Ka/K^
Substituting for 9a = A .S /S t , where S j  is the total number of sites available for monolayer 
coverage:
Ka CsSt (3.8)A.S  =
1 +  Ka Cs
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Multiplying both sides of equation (3.8) by the surface area per gram of adsorbent, equation (3.8) 
can be expressed in terms of mass loading X /M
The Langmuir equation that expresses the amount of adsorbate adsorbed on the surface of the solid 
can be written as:
X ^  ab Ce (3.10)
M ~  1 + h Ce
where X = amount of adsorbate removed (mg)
M = amount of solid adsorbent material used (g)
Cg = is the residual concentration of adsorbate at equilibrium (mg/1)
a= Langmuir constant or the maximum adsorbent-phase concentration of adsorbate when 
surface sites are saturated with adsorbate (mg adsorbate/g adsorbent) 
b= Langmuir constant, same as (1/mg), or constant that is related to the free energy of
adsorption b oc .
The equation that expresses the amount of adsorbate removed on the surface of the solid as a 
function of temperature is known as Langmuir adsorption isotherm. Moreover, by taking the 
reciprocal of both sides of equation (3.10) and rearranging the equation to a linear form;
1 l  + bCg (3.11)
iX /M ) ab C,
M 1 1 (3.12)
X ab Ce a
Therefore, by plotting the straight line graph of M /X  versus 1 /  Q  , the model parameters a and 
b can be determined from the y-intercept and the slope, respectively. The ratio 1 /a  represent the 
theoretical monolayer saturation capacity (Ng et al., 2003). The spreadsheet progmms can be used 
and the linear regression can determine the best-fit line. The dimensionless separation factor, R[^ , is 
an essential characteristic of Langmuir isotherm and can be expressed as (Weber and Chakraborti,
1974):
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n -  1 (3.13)
 ^ (1 + b Co)
If
Rl > 1 the adsorption process is unfavourable;
=  1 the adsorption process is linear;
0 <  <  1 the adsorption process is favourable;
Rl = 0 the adsorption process is irreversible.
The Langmuir isotherm equation is derived based on the following assumptions (Coulson and 
Richardson, 1991, MWH, 2005):
1. Only one molecule of adsorbate occupies one vacant site, which is called “active sites”, and the 
adsorption occurs on monolayer and onto the homogeneous solid surface of adsorbent, which 
contain a finite number of unsaturated sites.
2. No interactions occur between the adjacent molecules attached to the surface of adsorbent.
3. The energy of adsorption, or the free-energy (A G ) ,  is uniform and constant for all the sites 
over the surface.
4. The adsorption of molecules occurs at fixed sites and no transmigration of molecules adsorbed 
over the surface of adsorbent.
Although, the real surface of solid particles used in chemical systems are not ideally homogeneous, 
with or without reactions, as even the polished solid surface may have some roughness in a 
microscopic scale. The Langmuir model also assumes that the reaction occurs on the solid surface 
is only due to solid-liquid interactions and no considerations were accounted to the interactions 
between molecules at solid-liquid interface (Kumar et al., 2004, MWH, 2005). Hence, those 
assumptions show some limitations of Langmuir model. However, many research works showed 
that the Langmuir isotherm model is best to fit and describe the data obtained from the gas-solid 
adsorption systems and to some extent the liquid-solid adsorption systems.
3.3.1.2 Freundlich Isotherm Model
The empirical Freundlich isotherm model is a widely used equation, which was proposed by Herbert 
Max Finley Freundlich, a German Physical Chemist, and originally assumes that the adsorption 
occurs in a non-ideal multilayer heterogeneous surface that contain different classes of unsaturated 
adsorption sites, each of which will follow the Langmuir isotherm model. In this model, it is also
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assumed that there is a variation in the adsorption energies as a function of the adsorbent surfaces 
coverage, as a result of the changes in the heat of adsorption that take place on the surface of 
adsorbent (Benefield et al., 1982, Singh et al., 2008). Since the real surface of solid particles used 
in adsorption systems are not ideally homogeneous, with or without reactions, and because of the 
other limitations of the Langmuir model, many researchers showed that the Freundlich isotherm 
model is best to fit and describe the data obtained from the liquid-solid adsorption systems. The 
Freundlich isotherm equation has the following form:
M ^
where, K = Freundlich constant indicative of the relative adsorption capacity of the adsorbent 
n  = Freundlich constant indicative of the intensity of the adsorption
The linear form of equation (3.14) is
log(X/M) = tog(K) +  ilo g (C ,)
Freundlich isotherm is tested by plotting X /M  against Cg on log-log scale to determine the values 
of the model parameters K and n. The Freundlich model is widely used (Clark, 1970, Benefield et 
al., 1982, Singh et al., 2008) for heterogeneous systems particularly in adsorption of organic 
compounds from solutions.
Although it is possible to graph the experimental data o f X / M  and C on a log-log scale and to
identify the values of Freundlich parameters, the nonlinear correlation coefficient, should be 
applied which will determine the precision of the data in the plot.
3.3.1.3 Redlich-Peterson Isotherm Model
The Redlich-Peterson isotherm model is related linearly with the equilibrium concentration in the 
numerator and exponentially in the denominator. At high concentrations, this model approaches the 
Freundlich isotherm equation, and at low concentrations, it becomes the Langmuir isotherm 
equation. In this equation, three empirical parameters are incorporated, and therefore, the Redlich- 
Peterson equation can be used to describe the adsorption into either the homogenous or 
heterogeneous surfaces (Mall et al., 2005). The Redlich-Peterson equation is
X ^  KuCg (3.16)
W 1 +  OfiCf
where Kn is Redlich-Peterson isotherm constant (1/ g)
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Ur is Redlich-Peterson isotherm constant (1/mg)^ ^^
^  is a Redlich-Peterson isotherm parameter, which lies between 0 and 1. When /? = 1, the 
Redlich-Peterson equation approaches the Langmuir equation and when ^  = 0, it reduces 
to Henry’s equation.
Equation (3.16) is used to determine the values of the model parameters Kr , ür and p  by a. 
minimization procedure that maximize the R  ^ between the predicted X/M and the experimental 
data by applying the solver function in MS Excel; add-in function.
3.3.1.4 Temkin Isotherm Model
The Temkin isotherm is derived based on the assumption that the heat of adsorption decreases in 
linear form rather than the logarithmic form as in the Freundlich isotherm (Ho et al., 2002). It 
assumes uniform distribution of adsorption energy. The Temkin isotherm is written as;
where, Ri =  7^ ,  and Kt are the constants.Dt
The values of Temkin isotherm constants, Kf  and were determined by plotting X /M  versus 
InCg.
3.3.1.5 Dubinin-Radushkevich Isotherm Model
The Dubinin-Radushkevich isotherm equation is generally given as follows
^  = qdexp(-Bo[Rrln(l + T )]2 ) (3-18)
where Dubinin-Radushkevich isotherm constant (mg/g)
Bj) Dubinin-Radushkevich isotherm constant
R Universal gas constant, 8.314 J/mol °K
T Absolute temperature (°K)
In this equation, the adsorption curve is related to the adsorbent porous structure, and that the 
constant. Bp, gives the mean free energy, E, of adsorption per molecule of the adsorbate when it is 
transferred to the solid surface from infinite distance in the bulk solution (Ho et al., 2002). It 
assumes filling pore mechanisms and heterogeneous adsorbent surface. This energy E can be 
computed using the following equation:
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3.3.2 M ulticomponent Adsorption Isotherm Models
The adsorption from multicomponent solution is a complex system that is of great importance in 
the processes that involves separation of liquid mixtures in industrial fields. In a single-solute 
adsorption, the system is assumed to be highly diluted and the solute/solvent interactions could be 
neglected. In addition, compared to the extensive number of papers published on the adsorption 
from dilute systems, the multicomponent system has not been widely studied. Adsorption of 
multicomponent solutes over the whole range of concentrations was theoretically formulated based 
on the assumption of homogeneous solid, which have been extended to the surface heterogeneity. 
A number of important expressions, equations and approaches that were developed and used for 
single-solute adsorption equilibria, are further extended and used for predicting the parameters of 
multi-solute system.
Recently, several models were used to describe the adsorption mechanism between the molecules 
of solute that is adsorbed and the solid surface in both single and multicomponent solutions at 
equilibrium.
3.3.2.1 Langmuir Competitive Model
For multicomponent system, the Langmuir competitive model have been most commonly used 
models. This model is expressed by the following equation (Khan et al., 1997);
* - T ^ :
where qIf = is the amount of species i adsorbed per unit mass of solid material used
Cg i= is species i equilibrium concentration
Cg y= is the equilibrium concentration of all other adsorbed species
tti and hjor hy= are constants
When the individual component in a multicomponent system follow the Langmuir isotherm, this 
model will be useful and will give reasonable estimates. Although, this model is based on the 
fundamental hypothesis of surface homogeneity and a uniform adsorption with competing solutes 
present in the solution, such assumptions have limited the use of this equation, as a small difference 
in the size of molecules or in surface orientation may affect the equal available to all the competing 
solutes. Thus, Langmuir competitive isotherm is not expected to accurately fit the result.
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3.3.2.2 Freundlich Type Model
A Freundlich type multicomponent model for a liquid phase has been also used (Sheindorf et ah, 
1982)
( x '  V ' "qlj — kiCg i I y  O-ijCg j  I
)  (3.21)
where = is the amount of species i adsorbed per unit mass of solid material
Cg i= is species i equilibrium concentration
Cg j= is the equilibrium concentration of all other adsorbed species
rii and = are constants
3.3.2.3 The Ideal Adsorption Solution (IAS) Theory
The ideal adsorption solution (IAS) theory is most effectively used to fit the adsorption equilibrium 
data of competitive solutes. In this model, it is assumed that the spreading pressure of
multicomponent system is the same as that of ideal single solution of component i, where the
difference between a pure solvent interfacial tension and solution that have the solute represent the 
spreading pressure n. This model has been written as (Wurster et al., 2000);
Jo ^e,i
where,
qi = is the amount of species i adsorbed per unit mass of solid material 
As= is the surface area per unit mass of adsorbent 
Ui= is the spreading pressure of solute i 
T= is the temperature
Cg i=is the equilibrium concentration of species i
The four basic equations below complete the description of this model and predict the behaviour of 
multicomponent system from single solute isotherms;
Qi = Qt' Xi (3.23)
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n
V î t
Cei = Ci{n,T)-Xi  
i=l
(3.24)
(3.25)
(3.26)
where qt -  is the total adsorption capacity of the solutes in the solution 
Xi = is the fraction of species i
The calculations of this model are based on iterative estimations of spreading pressure, and 
determining the adsorption capacity of solutes through the single solute model (Faur et al., 2005). 
The spreading pressure of each solute is equal at equilibrium while the equations in the model could 
be solved as initial conditions are determined (MacGuire and Suffet, 1980). However, this isotherm 
model is sensitive to the relationship involved in describing the adsorption of single solute, 
especially at low concentration of adsorbate. In addition, the rigorous procedures applied to 
calculate the spreading pressure of solutes made it slightly complicated to apply (Khan et al., 1997).
3.3.3 Selection of Isotherm Models for Current Study
Although most of the research was carried out on adsorption of single component, the adsorption 
systems rarely involve single solute. Hence, testing the adsorption process should be conducted on 
investigating the multicomponent mechanisms. However, predicting multi solutes isotherm is 
rigorous, compared to the simplicity of single solute isotherm. Many mathematical equations were 
used in estimating and predicting the multi solutes isotherm from single solute equilibrium data. 
However, employing these equations in practice to accurately understand the competitive equilibria 
between the components in mixture and the adsorption sites is too complicated.
At high concentrations, the adsorption rarely follows a single component isotherm (Wurster et al., 
2000, Alkhamis and Wurster, 2002, Limousin et al., 2007), since the adsorption could be driven by 
the competitive forces between components in the solution that have effects on the composition of 
the bulk liquid phase. When the concentrations of the solute investigated reach same as the 
concentrations of other competing solutes, the composition of the bulk liquid phase cannot assumed 
to be constant and a multicomponent equilibria is applied (Limousin et al., 2007). Hence, the design 
of the adsorption system should address the multicomponent isotherms.
At low concentrations, the composition of the bulk solution may be considered constant and single 
components isotherms is sufficient to be used (Limousin et al., 2007). Since the single components
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isotherms is sufficient to describe the adsorption of organic components from dilute aqueous phase 
(Jaynes and Vance, 1999, Mohan and Chander, 2000, Sharmasarkar et ah, 2000, Daifullah and 
Girgis, 2003, Moreno-Castilla, 2004, Mohan et ah, 2006, Su et a l, 2010, Costa et a l, 2012, 
Nourmoradi et a l, 2012, Vidal et a l, 2012, Yu et a l, 2012), only single components isotherms will 
be used hereafter in this study.
The successful adsorption techniques would only be applied by developing nontoxic, cheap, and 
readily available adsorbent of known adsorption as well as kinetic parameters. Hence, a better 
design and modelling can be achieved by knowledge of kinetic conditions of the process.
3.4 Adsorption Kinetic Studies
The kinetic mechanisms of BTEX adsorption into different adsorbents were elucidated using four 
common kinetic models; pseudo-first order rate model, pseudo-second order rate model, 
Bangham’s equation and intra-particle diffusion model.
3.4.1 Pseudo-First Order Rate Model
The adsorption of organic molecules from the bulk solution onto a solid phase can be assumed as a 
reversible process. It depends on the physical and/or chemical forces as well as the mass transfer 
process (Rudzinski and Plazinski, 2007). As mentioned earlier, the relationship between the vacant 
surface sites of adsorbent and the molecules bounded to the surface sites at equilibrium can be 
described by equation (3.3), (Coulson and Richardson, 1991, MWH, 2005).
The pseudo-first order rate equation is given as follows:
where X  is the amount of adsorbate removed at time t, Xg is adsorption capacity of adsorbate at 
equilibrium, and Kf is the overall pseudo-first order rate constant. The integrated form of the 
differential equation is obtained by assuming the boundary condition X  =0 at time, / = 0;
In ' (3.28)
ln [l -  f/(t)] =  - K f  t  (3.29)
where U(t) is the fractional attainment and equals to X/Xg. When the plot of ln [l — U(t)] against t  
gives a straight line, then the removal of the adsorbate with different adsorbents follows the first 
order kinetic model. Equation (3.29) was first launched by Lagergren at the end of 19th century
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(Lagergren, 1898), and it is still the most widely used kinetic equation to describe the adsorption 
process.
3.4.2 Pseudo-Second Order Rate Model
Although the common use of Lagergren equation for more than one centuiy, deviations have been 
also revealed in many cases from the adsorption behaviour predicted by this equation. As the 
equation was commonly used to describe the rate of surface reactions in which only one-site occupy 
adsorption, however it was natural to assume that in the case of two-site occupy adsorption, the rate 
of such kinetic process should be represented by the pseudo-second order rate equation which can 
be expressed in the following form:
where Kg is the overall pseudo-second order rate constant. The integration of this differential 
equation is obtained by assuming the boundary conditions, X = 0 at t  = 0 leads to:
(3.31)
X K ,X l  X,
The initial adsorption rate, h, at time t  ^  0 is defined as:
h =  K sX i  (3.32)
The adsorption capacity, Xg, is obtained from the slope of the line and the initial sorption rate, h 
and Ks, is obtained from the intercept. If the second order adsorption model is applicable for the 
kinetic mechanism, then the plot of t /X  against t  should give a straight line.
3.4.3 lutra-ParticIe Diffusion Model
The transport process of adsorbate from the liquid phase to the active sites of the adsorbent surface 
occurs in several steps. However, the overall adsorption is generally controlled by one or more 
steps; film diffusion, surface diffusion, pore diffusion and adsorption onto the pore surface, or 
combination of two or more step.
In batch experiments, the mass transfer of molecules in the solution is related to the diffusion 
coefficient that fit the experimental rate data. In general, the mechanism of rate adsorption is said 
to be diffusion controlled if it depends on the rate at which the components diffuse towards one 
another. The intraparticle diffusion model was employed to explore the possibility of pore diffusion
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(Srivastava et al., 2006). The applicability of intra-particle diffusion model as a single rate 
controlling step was tested using the Weber and Morris’ method (Weber and Morris, 1963):
where kid is the rate constant of intra-particle diffusion and /  is a constant related to the boundary 
layer thickness; as a high I value indicate a large the effect of boundary layer. A plot o f X /M  
against that gives a straight line indicate that the intra-particle diffusion is an appropriate model
to describe the adsorption mechanism.
Weber and Morris (1963) reported that if  the plot of the square root of time versus the adsorbate 
uptake resulted in a linear relationship, then the intraparticle diffusion would be the controlling step 
in the adsorption process; if this line passes through the origin (Al-Asheh et al., 2003). Furthermore, 
if the experimental data show multi-linear relationships, then more than one step influence the 
adsorption process. In this mathematical model, it is assumed that the mass transfer surrounding the 
particles exhibits external resistance only in the early stages of adsorption process. This may be 
represented by a first sharp portion followed by a second linear portion in which the gradual 
adsorption along with the intraparticle diffusion is dominating (Srivastava et al., 2006).
3.4.4 Bangham’s Equation
Since the initial rapid adsorption reaction is followed by a slow stage of adsorption, Bangham’s 
equation suggested that:
where m  is the amount of adsorbent used per litre of solution, V is the volume of solution and ko 
and cr(< 1) are constants. If the plot of this equation resulted in a linear relationship, then the pore 
diffusion would be a controlling step in the overall adsorption mechanism.
3.5 Statistical Analysis: Error Analysis o f Isotherm Models
Linearized and non-linearized forms of adsorption isotherm equations will be discussed hereafter.
3.5.1 Linearization Form of Isotherm Models
One of the simplest methods for determining the isotherm parameters is by linearizing the isotherm 
model equations and to transform the variables within the equations into linear form and applying 
the linear regression; Table (3.2).
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Table (3.2): The linearization and non-linearization forms of adsorption isotherm equations.
Isotherm Model Non-Linearization form o f Isotherm Model Linearization Form o f Isotherm Model
Langmuir
Freundlich
Redlich-Peterson
X ab Cg 
M ~ l  + bC,
Xu Ce
M _  1 1
X ab Ce ^ a
log(X/M ) =  log(K) + -log (C g)
Temkin In(KrCg) — =  In(K^) +  In(Cg)
Dubinin-Radushkevich — = (7d exp(-Ro[R7’ln(l + —)]") ln(X/M ) — In(çj) — BpR^T^[ln(l +  —
3.5.2 Non-Linearization Form o f Isotherm Models
As the linearized form of isotherm equation results in an inherent bias, the non-linearized form of 
isotherm model represent an alternative method to represent the equilibrium data (Seidel and 
Gelbin, 1988, Seidel-Morgenstem and Guiochon, 1993). The most common equations that are used 
in this area are based on Gauss-Newton or Levenberg-Marquardt (Ho et al., 2002). An optimization 
procedure follows selecting an error function that produce the best fit of the isotherm to the 
experimental points. The parameters determined are affected by the choice of error equation.
In this study, five different error functions were employed to find out the most appropriate isotherm 
parameter model to represent the experimental data. The parameters of each isotherm model were 
determined by a minimisation procedure to each o f the error function using the solver add-in in 
Microsoft's Excel spreadsheet. The non-linear regression analysis was conducted by the sum of the 
squares of the errors (ERRSQ), the hybrid fractional error function (HYBRID), Marquardt's percent 
standard deviation (MPSD), the average relative error (ARE), and the sum of the absolute errors 
(EABS), which have been previously used by a number of authors for the adsorption experiments 
(Mall et al., 2005, Rivas et al., 2006). These error functions are given as:
Sum of squares of the errors (ERRSQ)
This error function represent one of the most common used error function, although the parameters 
of the isotherm model determined from this error function provide a better fit at higher end in liquid 
concentrations, the magnitude of the squares of the errors increase biasing the data toward the high 
end of concentration.
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« (3.35)
ERRSQ =  2 , ( 0 '  -  Q eŸ
i=i
where Qe and Q'e are the measured and the calculated parameter after equilibrium conditions have 
been applied.
Hybrid fractional error function (HYBRH))
The hybrid fractional error method (HYBRID) was developed after the sum of squares of errors 
(ERRSQ); to improve the later fit at low concentrations. In this equation, the value of ERRSQ was 
divided by the experimental uptake and multiplied by a divisor, which is the number of degree of 
freedom for the system (the number of data points N  minus the number of parameters P  in the 
isotherm model).
HYBRID
_ iUU
~ N - p 2 ^1=1
Marquardt's percent standard deviation (MPSD)
The Marquardt's percent standard deviation (MPSD) equation is similarly to geometric mean error 
distribution and modified by a divisor, which is the number of degree of freedom of the system;
MPSD =  100 — f (n - p / L \i=l ^N - A j \  0 .  /  (337)
Average relative error (ARE)
In, the average relative error (ARE) function, the fractional error distribution is minimized across 
the range of concentrations.
A R E =  ^
100^ \Q 'g-Q g  (3 38)
Sum of the absolute errors (EABS)
In the sum of the absolute errors (EABS) method, a similar procedure to the sum of squares of 
errors (ERRSQ) is adopted. The parameters of isotherm models found by the use of the EABS 
equation will have a better fit as the values of errors increase, that bias the fit towards the points in 
high concentrations;
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A  (3.39)
EABS = ^ \ Q 'g - Q e \
i= l
Each error function will result in isotherm parameter set, however an overall optimum set is not 
easy to determine. Thus, a new function is applied to compare between the isotherm parameter sets; 
which is the ‘sum of the normalized errors’. The procedure for calculating the sum of the normalized 
errors is the following:
1. select one error function and one isotherm model and calculate the parameter set that minimize 
the selected error using the solver add-in in Microsoft's Excel spreadsheet.
2. determine the values of parameter set for each of the error function.
3. select an isotherm parameter set and error function and calculate the other error functions.
4. select an error value and ratio this value of error for a selected parameter set to the maximum 
error value from all the isotherm parameter sets.
5. normalize all other errors by calculating the ratios associated with other error function values.
6. sum the normalized errors for each set of parameter.
Thus, the isotherm parameters which provide minimum normalized sum of error are considered to 
be optimum for such isotherm. In the normalisation procedure, it is also assumed that;
1. no bias in error function selected.
2. no bias in sampling of data; experimental points for the isotherm are evenly distributed, which 
provide equal number of data for each concentration values.
Thus, the concentrations of the liquid phase and the concentrations of the solid phase contribute 
equally to the weighting of error criteria.
3.6 Summary
Despite the availability of many treatment processes for the removal of BTEX, the adsorption still 
remains the best process as it can generally remove trace levels of BTEX compounds with very 
high efficiencies and hence meet the standard effluent requirements. Three types of adsorption 
mechanisms are used to describe the affinity of an organic compound to the solid phase: (1) the 
exchange adsorption (2) physical adsorption or physic-sorption and (3) chemical adsorption or 
chemi-sorption. The attachment of organic compounds on the surface of the adsorbent is generally 
resulted from one or more type of adsorption mechanisms. The properties of the two selected 
adsorbents, chitin and chitosan, were discussed in this chapter. This chapter discussed the most 
important adsorption isotherms models that describe the liquid-solid systems.
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Chapter 4
Graft Copolymerization of 
Glutaraldehyde Cross-Linked 
Chitosan Microspheres for the 
Removal of BTEX Compounds 
from Contaminated Solutions
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In this study, the capabilities of chitosan and modified chitosan (poly-methacrylic acid) for the 
removal of BTEX from aqueous solutions were examined. Modification of chitosan were carried 
out by crosslinking the chitosan with glutaraldehyde, and then grafting the glutaraldehyde cross- 
linked chitosan (GLA-CTS) with poly(methacrylic acid). Hence, the adsorbent microspheres 
generated have high chemical stability, good mechanical strength and environmentally friendly. 
This chapter discusses some fundamental aspects and recent evolutions in chemical modification 
of chitosan such as Schiff base reaction. The resulting polymeric material will be discussed; their 
characteristics and properties in relationship to their potential application are elucidated.
4.1 Modification Techniques o f Chitosan
Chitosan played an important role as a complexing agent due to its high contents of hydroxyl and 
amino functional groups and hence having a high adsorption potential for a wide range of 
molecules, including organic compounds. In addition, its low cost compared to other adsorbents, 
such as activated carbon, increased its potential for being an attractive alternative material. This 
biopolymer has drawn particular attention because of its chemical stability, physicochemical 
characteristics, excellent chelating behaviour, high reactivity, and high selectivity toward the 
unwanted pollutants (Ravi Kumar, 2000, Guibal, 2004, Varma et al., 2004). However, in spite of 
these advantages and properties, some problems that may reduce the adsorption capability may 
occur. For instance, chitosan is soluble in an acidic medium and hence cannot be employed as a 
sorbent under such condition, only after chemical and/or physical modifications.
Several physical and chemical methods for modification of chitosan have been proposed in the 
literature (Onsosyen and Skaugrud, 1990, Wang and Wang, 2008, Zubieta et al., 2008). Modifying 
the raw chitosan physically, allows an expansion of the polymer network, an increase in the opening 
of the network, an improve in the diffusion of large molecules and a reduction in the crystalline 
state of the polymer (Dzul Erosa et al., 2001). Modifying the raw chitosan chemically is used to 
enhance the chemical stability and mechanical strength of the polymer in acidic medium, and the 
biochemical degradation of the polymer (Wan Ngah et al., 2004). A partial dissolution of the 
polymer may occur in an acidic media, and to reinforce the chemical stability of the polymer (i.e. 
to make it insoluble), a modification step using cross-linking agents is essential. Figure (4.1 ). Cross- 
linking improves the stability of the polymer against the alkali, acid and other chemicals, but it 
decreases the capacity of adsorption (Inoue et al., 1993). It can prevent the dissolution of chitosan 
in a relatively strong acid solution (i.e. pH < 2). To enhance the adsorption capacity of chitosan, a 
following chemical modification step by grafting has been proposed. This step represents an 
interesting alternative technique to improve the raw chitosan and develop a novel hybrid polymer 
which consists of the natural and synthetic units (Rutnakornpituk et al., 2005, Sankararamakrishnan
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and Sanghi, 2006). Other advantages of chemical modification of chitosan are that it can increase 
the superficial area and the porosity of the solid chitosan, and increase in the accessibility and 
diffusion of pollutants into internal sites (Rorrer et al., 1993).
ÇHgOH
OH
OH
HO
Figure (4.1): Structure of raw chitosan and cross-linked chitosan: (a) chitosan, (b) chitosan 
glutaraldehyde (Wan Ngah et al., 2002).
The chemical modification of chitosan would offer enormous opportunities. Chitosan would give 
an interesting macromolecular structure (i.e. beads, gels and hydrogel networks, membranes, or 
fibre materials), through chemical modifications, and in particular by crosslinking agents and 
grafting reactions.
Chemical modification of raw chitosan by grafting a new ftinctional group on the backbone of 
chitosan does not change the main skeleton of chitosan but incorporates a new or improved property 
to it. This modification enhances the density of adsorption sites, increases the pH range for the 
adsorption process and also increases the adsorption selectivity of pollutant (Kurita, 2006, Miretzky 
and Cirelli, 2009).
There are several reported publications on the synthesis of modified polysaccharides. The two main 
reactions for the chemical modification method can be generally classified as shown in Table (4.1).
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Table (4.1): Main chemical modification reactions for polysaccharides.
Reaction Description of Reaction References
f
u
A reaction between the amino or 
hydroxyl groups in the main chains of 
polysaccharides with a coupling 
agent that can form water-insoluble 
crosslinked polysaccharides.
(Guibal et al., 1998, Zeng and Ruckenstein, 1998, 
Guibal et al., 1999a, Guibal et al., 1999b, Monteiro Jr 
and Airoldi, 1999, Ruiz et al., 2000, Yoshizuka et al., 
2000, Cao et al., 2001, Capitani et al., 2001, Dzul 
Erosa et al., 2001, Krajewska, 2001, Chiou and Li, 
2002, Dambies et al., 2002, Denkba§ et al., 2002, 
Guibal et al., 2002, Juang and Shao, 2002, Mi et al.,
2002, Wan Ngah et al., 2002, Arrascue et al., 2003, 
Jeon and Hôll, 2003, Mi et al., 2003, Zhao et al.,
2003, Berger et al., 2004a, Berger et al., 2004b, Chao 
et al., 2004, Varma et al., 2004, Chiou and Chuang, 
2006)
I
Coupling or grafting reactions form 
by bonding the polysaccharide to an 
organic matrix or a pre-existing 
mineral through several linkages. The 
reaction would form insoluble 
composite or hybrid materials that 
combine the chemical and physical 
properties o f both organic and 
inorganic parts
(Furusaki et al., 1996, Peng et al., 1998, Tanida et al., 
1998, Sakairi et al., 1999, Tan et al., 1999, Tojimaet 
al., 1999, Yang et al., 1999, Chen and Wang, 2001, 
Martel et al., 2001, Liu et al., 2002a, Steenkamp et 
al., 2002, Aoki et al., 2003, Jiménez et al., 2003, Liu 
et al., 2003, Yi et al., 2003, Zhang and Bai, 2003, 
Gotoh et al., 2004)
Several crosslinking agents have been widely used for modifying chitosan in homogenous 
conditions or heterogeneous conditions by using bi- or poly-functional crosslinking reagents, such 
as glutaraldehyde, ethylene glycol diglycidyl ether, and epichlorohydrin (Guibal et al., 1999b, Ruiz 
et al., 2000, Dzul Erosa et al., 2001, Chiou and Li, 2002, Guibal et al., 2002, Juang and Shao, 2002, 
Mi et al., 2002, Wan Ngah et al., 2002, Arrascue et al., 2003, Chiou and Li, 2003, Jeon and Holl, 
2003, Chiou et al., 2004, Li and Bai, 2005, Wan Ngah et al., 2005, Chiou and Chuang, 2006, Morais 
et al., 2007, Cestari et al., 2008, Hasan et al., 2008). To date, glutaraldehyde was the most common 
crosslinker that have been frequently used to crosslink chitosan.
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4.2 Glutaraldehyde Crosslinked Chitosan
Crosslinking follow a similar mechanism as a grafting reaction. It takes place between the same or 
different polymers. For different type of polymers, the reactions may occur as illustrated in Figure 
(4.2), (Bhattacharya et al., 2009).
Polymer A
» A A A /
Polymer B
Figure (4.2): Reactions that may occur in chemical modification by crosslinking (Bhattacharya et
al., 2009).
Crosslinking is formed when a chemical reagent (or crosslinking agent) introduces intermolecular 
linkages, bridges or crosslinked networks between the polysaccharide or chitosan molecules. A new 
three dimentional networks swell that are insoluble in water are formed. The crosslinking reactions 
is well documented and known step. In an alkalins media, the crosslinking agent react with the 
chitosan linear chain (crosslinking) or itself (polymerization). Crosslinking decreases the mobility 
of segments in polymers. The insolubility of the polymer in water and organic solvent increases 
when the degree of reticulation is adequately high. The adsorption capacity of polysaccharide is 
controlled by the polymer hydrophilicity and the density or the degree of crosslinking (Giiven et 
al., 1999, Crini, 2005).
Various studies were carried out to explore the reaction between the glutaraldehyde with the 
primary amine groups to form covalent links, however, the precise mechanisms of the crosslinking 
reaction and the chemical structure of the compound formed are not studied in detail. Different 
opinions occurred in regarding the final chemical structure of this type of crosslink (Roberts, 
1992b). In the literature, three different mechanisms are proposed;
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(i) formation of a single reaction which is a Schiff base reaction with one aldehyde group, 
while the other aldehyde group of the glutaraldehyde compound remains free, and is 
normally used for other subsequent reactions (Ishii et al., 1995, Cestari and Airoldi, 
1997).
(ii) formation of two Schiff base reactions between two aldehyde groups of a 
glutaraldehyde molecule and two chitosan unities (Hsiena and Rorrer, 1995).
(ill) Formation of polymerized glutaraldehyde, which form a greater crosslinked chain with
not only one molecule of glutaraldehyde (Roberts and Taylor, 1989, Draget, 1996).
Few papers illustrated the effect of relevant parameters that are considered in the reaction of 
chitosan with glutaraldehyde such as the concentration of chitosan and glutaraldehyde, temperature 
and pH of the medium, and concentration of acetic acid. The chitosan degree of deacetylation 
appears also to have an effect on the covalent crosslinking of glutaraldehyde with chitosan (Draget,
1996). Crescenzi et al proposed a counter structure to the chitosan/monofunctional aldehyde 
interactions; the stoichiometry with other aldehydes is not easily controlled (Crescenzi et al., 1997). 
Hence, this is a well known complex structure and interactions of this crosslink since the beginning 
(Muzzarelli et al., 1976, Roberts, 1992b, Draget, 1996).
In the present study, the addition of a covalent crosslinker to form chitosan microspheres is 
exclusively concerned. Several definitions were used to describe the crosslinked chitosan 
microspheres; the one defined by Peppas is that the networks formed are swollen in water or 
biological fluid (Peppas and Lucht, 1986). Since there are several definitions to crosslinked chitosan 
microspheres, different classifications are possible. Berger et al. proposed two main classes of based 
on the nature of their networks; chemical and physical polymeric microspheres (Berger et al., 
2004a, Berger et al., 2004b). A separation between the two types were suggested. The irreversible 
covalent links between the polymers would form chemical microspheres, such as the covalently 
crosslinked chitosan microspheres. However, various reversible links would form physical 
microspheres, like the ionically crosslinked microspheres, polyelectrolyte complexes (i.e. chitosan 
poly/vinyl alcohol complexed), and grafted chitosan microspheres. Since the present work will only 
discuss the data obtained by chemical insoluble microspheres, the next sections will be limited to 
these materials and characterizations.
Interconnections between the polymeric chains occur by crosslinkers that lead to 3D networks to 
be formed in the crosslinked microspheres; Figure (4.3).
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Figure (4.3): Structure of modified chitosan formed by (a) crosslinking the polymer with itself, 
(b) hybrid polymer networks; (c) semi interpenetrating polymer networks (Berger et al., 2004b)).
The molecular weights (MW) of the crosslinkers is much smaller than the molecular weights (MW) 
of the polymer chains between two consecutive crosslinks (Peppas and Lucht, 1986). The properties 
of microspheres obtained are influenced mainly by the density of crosslinking, or the ratio of mole 
of crosslinker to the mole of repeating units of polymer (Peppas and Lucht, 1986). Furthermore, 
the crosslinking network is formed based on a critical number of crosslinks for each chain (Brack 
et al., 1997). The main interactions that form the network are classified based on the nature of 
crosslinking agent; ionic or covalent bonds.
4.3 Covalent Crosslinked Chitosan
4.3.1 Structure and networks
Covalent crosslinked chitosan microspheres can be divided to three classes according to the 
structure of crosslinking Figure (4.3) (Berger et al., 2004b);
(1) the polymer crosslinked with itself; this is considered as the simplest structure presented. This 
structure has two main units which are or are not belonging to the same polymeric chain of 
chitosan.
(2) hybrid polymer network. In this type of microspheres, the crosslinked microspheres are formed 
by reactions between the chain of chitosan unit and the polymer chain of another unit, although 
crosslinking two same type of units or same polymer chains are not excluded.
(3) full- or semi-interpenetrating polymer network, which involves addition of a non-reactive 
polymer to solution containing chitosan before the addition of crosslinking agent. Crosslinked 
chitosan networks are formed, wherein the non-reactive polymer is entrapped forming semi-
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interpenetrating polymer networks. Moreover, crosslinking the additional polymer networks 
can form two entangled crosslinked networks or full-interpenetrating polymer networks.
The main interactions that are involved in the networks of each type of the structure are the covalent 
bonds, although other interactions may occur between the acetylated units of chitosan; such as 
hydrophobic interactions and hydrogen bridges (Draget, 1996). Indeed, as the density of 
crosslinking increases, the main interactions become the covalent bonds.
Finally, it should be noted that the crosslinking interactions will result in conformational changes 
in the polymer networks; however the effects of these changes on the properties of chitosan 
microspheres are not clearly understood and require further investigations.
4.3.2 Principles o f Preparing Covalently Crosslinked Chitosan
The formation of covalently crosslinked chitosan microspheres requires mainly a crosslinking 
agent, chitosan, and an appropriate solvent; such as water. Other polymers, when added to the 
solution can form a hybrid polymer network or a full- or semi-interpenetration of polymer network. 
To initiate the reaction or catalyse, auxiliaiy molecules can be added in the preparation process.
Crosslinking agents are molecules with two or more functional groups that are reactive and lead to 
the formation of links between the chains of polymer (Berger et al., 2004a). The most widely used 
crosslinking agents are the dialdehydes such as glutaraldehyde (Aly, 1998, Denkbaç et al., 2000, 
Yamada et al., 2000) and glyoxal (Patel and Amiji, 1996, Khalid et al., 1999). In this reaction, stable 
covalent imine bonds are formed between the aldehydic functional groups of glutaraldehyde and 
the free amine functional groups of chitosan, as a result of the resonance formed with the adjacent 
ethylenic double bond through a reaction called Schiff base reaction (Monteiro Jr and Airoldi, 
1999). Moreover, additional links may be involved and they are formed via the interactions with 
hydroxyl functional groups (Dumitriu et al., 1996).
Recently, many publications investigated the interpolymer complexes in the synthetic polymer 
fields. Additional polymer lead to special interactions that form interpolymer complexations in 
order to control or increase the compatibility of the compounds obtained. However, these polymer 
complexations were disintegrated because of dissociation of interpolymer interactions that is caused 
by environmental change. Therefore, introducing a crosslinker into this polymeric system may 
result in forming an interpenetrating polymer networks that can avoid the polymer complexation 
from collapsing (Wang et al., 1997). In this case, addition of a crosslinker in order to reinforce the 
polymer complex networks will also prevent the dissolution of polymer during the swelling process. 
The combined structure of interpenetrating polymer network and interpolymer complexation leads 
to a novel polymeric system that possesses unique properties and structures. Interpolymer
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complexes between pairs of polymers via secondary binding forces, like hydrogen bonding, 
electrostatic interaction, hydrophobic interaction and Van der Waals force, have been the subject 
of investigations by many researchers due to its various importance in extensive areas.
Up to now, one of the most desirable reactions is the direct crosslinking in aqueous solutions; 
however, adding auxiliary molecules is usually required to initiate crosslinking or polymerization 
reactions. Of course, adding a second crosslinking agent reduces the biocompatibility.
The main parameters that influence the covalent crosslinking reaction are the concentration of 
crosslinking agent; such as glutaraldehyde in this work, chitosan molecular weight, temperature, 
deacetylation degree, acetic acid concentration, duration of cross linking reaction. Characterizing 
these conditions will determine and modulate the crosslinking density, and hence properties and 
mechanical strength of the microspheres obtained (Argüelles-Monal et al., 1998, Berger et al., 
2004b). It was found that the crosslinking reaction is favourable with increasing the temperature of 
the reaction and the overall concentration of amine functional group of chitosan (Argüelles-Monal 
et al., 1998, Mi et al., 2000). Draget demonstrated that crosslinking reaction is favoured with high 
degree of deacetylation of chitosan since this reaction is predominant by deacetylated reactive units 
(Draget, 1996). Knual and other workers reported an improvements in the mechanical strength that 
is rendered at a higher temperature over lesser duration (Knaul et al., 1999).
4.3.3 Properties o f Covalently Crosslinked Chitosan
Crosslinkers have a number of properties, advantages and characteristics;
(i) Crosslinker is considered as a relatively low cost material, which also available in various 
structures and configurations, such as particles, beads, gels, films, membranes, fibres, coatings, 
sponges and capsules.
(ii) Crosslinking reagents can be prepared easily and have several physicochemical properties. 
Crosslinked microspheres are very stable in alkaline or acidic mediums as well as other 
chemicals or solvents. They are hydrophilic polymers that are more resistant to high 
temperature and low pH compared to the parent polymeric materials.
(iii) After homogeneous crosslinking, the domain of crystalline in chitosan is reduced and the nature 
of crystalline of polymer is changed significantly, and this will influence the adsorption 
properties due to controlling the access of molecules to the adsorption sites.
(iv) Crosslinking the polysaccharide will maintain their original properties and characteristics, 
excluding crystalline property; as such characteristics are essential to determine the adsorption 
and swelling behaviour in wastewater. These properties can be optimised so the polymeric 
materials can be used in low pH medium.
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(v) The advantages of chitosan beads that are crosslinked are also reported (Rorrer et ak, 1993). 
The chitosan beads had a surface area one hundred times greater than the flakes. The beads also 
had a higher adsorption capacity compared to the powder. Other advantages that these materials 
possess are an increase in the ease of operations and faster kinetic rates (Bailey et al., 1999). 
They also have a remarkably high swelling capacity and consequently fast molecules diffusivity 
to their networks due to the hydrophilic property of these crosslinked units.
(vi) Good adsorption capacities can be obtained by crosslinking the chitosan; however these 
capacities can be increased by substituting different functional groups; like organic acids, onto 
the polymer backbone or network in a reaction called grafting reaction (Arrascue et al., 2003). 
The additional functional groups grafted on polymer backbone enhance the hydrophilicity and 
polarity of the polymer surface, and as a result of this the selectivity of adsorption of polar 
adsorbate is improved.
(vii) Regeneration of the crosslinked polymer can be done easily by washing the material with 
solvent or by solvent extraction.
4.3.4 Swelling
Crosslinked chitosan microspheres are polymers that have the capabilities of swelling in aqueous 
solutions. The crosslinked chitosan involve mainly crosslinked chains with each other between the 
polymeric materials to create a tangled mesh structure (Ratner, 1981). Permanent networks which 
allow the free diffusion of molecules such as water, is formed by crosslinking reaction. This 
interesting characteristic will lead to an enhancement in the mechanical strength of the chitosan 
generated. Whatever the structure or the type of covalent crosslinked chitosan, these networks 
formed by crosslinking are porous (Dal Pozzo et al., 2000, Risbud et al., 2000). In applications 
related to control release, crosslinked chitosan microsphere represents one of the interesting options 
due to the ease with which other molecules can be entrapped in the matrix and the high degree of 
control achieved.
In the present work, the swelling ratio of poly(methacrylic acid) grafted crosslinked chitosan 
microspheres was estimated by immersing the microspheres in distilled water at room temperature 
for 24 h and gently shaking. Then, the swelling ratio was determined using the equation;
=  X 100%
VVi
where;
(i is the swelling ratio of poly(methacrylic acid) grafted crosslinked chitosan microspheres
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Wo is the initial dried weight of the microspheres 
Wi is the weight of the swollen the microspheres
In addition, it is expected that a change in the swelling ratio will result in a considerable change in 
the mesh size of network. An increase or decrease in the swelling ratio translates into an increase 
or decrease in the mesh size of the produced polymer, and this modulates the release of molecules. 
Tual and others demonstrated that an increase in the crosslinking density decreases in swelling 
capacity, water content and the mesh size (Tual et al., 2000). It was reported that this decrease is 
attributed to the slower relaxation duration of polymer chains, that reduces the rate of molecule 
release (Mi et al., 2000). Aly found that an increase in the concentration of crosslinker will result 
in a decrease in formation of hydrogen bonds between chitosan and water molecules (Aly, 1998). 
Indeed, Jiang et al. showed that the free molecules, including water molecules, is moving through 
pores within the structure of polymer, regardless of crosslinking density, and can be released out of 
the polymer (Jiang et al., 1997). Crescenzi et al. showed that the swelling of polymeric materials 
depend on the nature of crosslinkers, as the length of the bridging units and the chemical properties 
of crosslinkers, have an influence on the water uptake and porosity of the polymer (Crescenzi et al.,
1997). It was found that the incorporation of additional hydrophilic polymer has an influence on 
water swelling (Wang et al., 1997). Yao et al. demonstrated that increasing the hydrophobicity of 
water-repelling polymer, decreases swelling kinetics and volume, due to reduction in the proportion 
of free water bounds compared to the matrix of polymer and high volume and mobility of water 
(Yao et al., 1998). Nevertheless, incorporation of a hydrophilic polymer will result in an increase 
in swelling (Wang et al., 1997, Khalid et al., 1999, Risbud et al., 2000). Therefore, the physical and 
chemical properties of crosslinkers and that of any incorporated polymers influence the modulation 
of molecules released and extending the range of potential applications of these polymeric 
materials.
4.3.5 Chemical Modification Reactions o f Chitosan: Formation o f Schiff Base 
Reaction
Perhaps, due to the crystallinity characteristic of chitosan with strong inter-molecular structure, this 
biopolymer is much less reactive than cellulose. Chemical reactions accompanied by this rigid 
polysaccharide; chitosan, have usually some difficulties such as multifunctionalities of this 
polymer, limited reactivity, and poor solubility. Enhancing the solubility of chitosan will be an 
efficient step toward an essential chemical modification. Chitosan becomes soluble in water or 
organic solvents by destructing its crystalline structure through chemical reactions (Kurita, 2001).
75
________Kinetic and Removal Mechanisms of BTEX Compounds from Aqueous Solutions by Chitin, Chitosan and Enhanced Chitosan
Chemical modification of chitosan is usually carried out under well-controlled conditions in order 
to develop an advanced functional material. Schiff base reaction is formed by reacting the free 
amino group in chitosan and the aldehyde group of glutaraldehyde; Figure (4.4), simply it involves 
carbon-nitrogen double bond with the nitrogen connected to the alkyl group. A general formula 
have been developed in order to define the Schiff base reaction; RiR2C=NR3, where R is the organic 
side of chain. This reaction is carried out in a mixture of methanol and aqueous acetic acid. Some 
described this reaction with the carbon atom connected to hydrogen atom, hence, the chemical 
formula is RiCH=NR2. In this reaction, chitosan microspheres are formed from the original 
homogeneous solution because of the insoluble nature of the resulting products (Hirano, 1978). 
This reaction has proved to be an exceptional stable at interesting pH and temperature ranges. 
Therefore, the linkages formed by both ends of monomeric glutaraldehyde in a simple Schiff base 
has been identified as a mechanism for glutaraldehyde crosslinking with chitosan Figure (4.4), 
although, other alternative mechanisms were also proposed.
HO
OH
RCHO
HO
OH
N=CHR
Figure (4.4): Schiff base reaction (Kurita, 2001).
4.4 Graft Copolymerization of Chitosan
Although, chitosan has higher adsorption capacity compared to other natural materials, this capacity 
can be enhanced by grafting various functional groups onto its backbone. Hence, the following 
sections will investigate the chemical modification of chitosan by grafting; useful information about 
the interesting features of the polymer produced as well as the influencing factors and optimal 
conditions for improving the adsorption selectivity and capacity were discussed. These sections 
also present a number of recent references to give some ideas about the role and effectiveness of 
the polymeric material in the removal of unwanted compounds from solution and to compare their 
removal performances before and after grafting.
In recent years, grafting reaction has been considered as an interesting approach to produce novel 
chitosan based material. Although, chemical modifications by graft copolymerization onto natural 
chitosan have not been studied extensively, as it is an advanced field in chemical modifications. 
Methods and procedures for efficient grafting reactions for the original polymers are recently being 
explored. Researchers have also showed that crosslinking followed by grafting chitosan will have
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a remarkable improvment in the chitosan properties and characteristics. However, there are few 
articles reporting this type of chitosan modifications and its applications.
4.4.1 Chemical Grafting o f Chitosan
One of the most effective techniques in chemical modification of natural chitosan (one primaiy 
amine and two hydroxyl groups per repeat unit), in order to improve their chemical and physical 
properties, is graft copolymerization. Graft copolymerization is an efficient method in enhancing 
the complexation and chelating properties as well as increasing the adsorption capacities of chitosan 
(Kotzé et al., 1997, Chen and Wang, 2001, Thanou et al., 2001, Yang and Yuan, 2001). Grafting 
can also improve other properties of chitosan such as antibacterial and antioxidant properties (Xie 
et al., 2001). Moreover, the interesting characteristics of natural chitosan are also maintained after 
grafting reaction like biodegradability and biocompatibility (Tasker et al., 1998, Singh and Ray,
1998). Two main functional groups are reactive in chitosan and can be used in grafting; the amino 
groups and the hydroxyl group on the Cg and Ce. Grafting reactions allow the formation of covalent 
links between the graft molecule and chitosan backbone to create functional derivatives (Jayakumar 
et al., 2005). Various structures are possible depending on the side chains introduced to the polymer, 
with novel hybrid materials afforded that are composed of synthetic polymer and natural 
polysaccharide. The length, number and molecular structure of the grafted side chains represent the 
main characteristics that will determine the properties and features of the produced graft copolymer. 
Graft copolymerization of chitosan is employed in various applications in different fields like 
wastewater treatment, agriculture, medicine, and food processing (Kurita, 2001).
4.4.2 Definition o f Graft Copolymerization Reaction
Among other complex polymer synthesis that have block, dendritic and star structures, graft 
copolymerization represent an interesting aspect of polymer science that receive great attention in 
these days. While giant molecule or macromolecule; veiy long chains of carbon atoms, are referred 
as “polymers”, single short molecule are referred as “monomer”. When different monomers are 
connected, they produced “copolymer” and the process of connecting is known as 
copolymerization” (Bhattacharya et al., 2009). A graft copolymer contains a linear backbone of a 
polymer that is connected with randomly distributed chains or branches of another polymer. A 
schematic diagram that describe the general structure of a grafted copolymer is shown in Figure 
(4.5), in which the branches of polymer B are attached in different points into the backbone of the 
main polymer chain A (Jenkins and Hudson, 2001). In Figure (4.5), the final graft copolymer is 
noted as A-graft-B  that is also abbreviated as A-^-B.
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Figure (4.5): Schematic diagram that describe the general structure of graft copolymer.
Graft copolymerization is an irreversible covalent attachment process. It has several applications as 
a result of attachment of different polymeric chains. Subsequently, the produced hybrid 
macromolecules have tremendous properties and characteristics, as different polymers have 
different chemical structures and normally do not generate intimate blend when they are mixed. 
The interface between two different compositions; polymer A and B, will require a high adhesive 
strength. Grafting is ideal for it in this case.
4.4.3 Grafting by Radical Mechanisms
Free radical chain growth represents one of the most important mechanisms in graft 
copolymerization because of its high versatility as a wide range of vinyl monomers can be grafted 
onto the main polymer backbones by this mechanism. The overall focus of this section is to study 
free radical technique that is utilised in grafting vinyl monomers into chitosan trunk polymer.
Vinyl grafting is obtained by chemical modifications of composite where branches of polymer are 
attached from the backbone of a trunk polymer. Graft copolymers can be obtained by either 
“grafting from”, “grafting to” or “grafting through” approaches. In “grafting from” mechanism, the 
trunk polymer chain is treated by some technique with initiator to create fi'ee radical sites followed 
by reaction of vinyl monomer with the radical of the trunk polymer through covalent bonds. The 
details of “grafting to” or “grafting through” mechanisms and how they are conducted are beyond 
the scope of this section. A schematic diagram of the basic mechanism of “grafting from” is shown 
in Figure (4.6). This approach of polymerization creates novel polymeric system which combines 
both polymers properties.
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Figure (4.6): Schematic diagram of “grafting from” mechanism.
Scissions in initiator bonds will produce free radicals on the trunk polymer, which is followed by 
polymerization reaction of these radicals with the monomer. In a typical grafting reaction between 
vinyl monomer and chitosan, the free radicals produced by the initiator start abstracting hydrogen 
atom from chitosan and create macroradical, additional to the direct reaction with vinyl monomers, 
which subsequently initiate graft copolymerization with vinyl monomer.
4.5 Methods o f Graft Copolymerization
Graft copolymerization of vinyl monomers onto chitosan can be conducted by various initiating 
methods, which can be classified into two main categorise; chemical initiation and radiation 
initiation (Bhattacharya et al., 2009). Chemical initiating systems of grafting vinyl monomers onto 
chitosan can be performed mainly using Ce(IV), 2,2'-azobisisobutyronitrile, and redox reactions; 
Table (4.2).
Several chemical initiators have been proposed to initiate grafting reactions such as potassium 
persulfate, ammonium persulfate, thiocarbonation-potassium bromate, hydrogen peroxide, cerium 
ammonium nitrate, ferrous ammonium sulfate, 2 ,2 '-azobisisobutyronitrile and potassium 
diperiodatocuprate (Don et al., 2002, Liu et al., 2002b, Ibrahim et al., 2003, Pourjavadi et al., 2003, 
Prashanth and Tharanathan, 2003, Sun et al., 2003, Qudsieh et al., 2004). Fenton's reagent, radiation 
and enzymes are also used to initiate graft copolymerization (Shigeno et al., 1982, Lagos and Reyes, 
1988, Huacai et al., 2006).
Vinyl monomers such as methyl methacrylate, acrylonitrile, methyl acrylate and vinyl acetate are 
widely used in chemical grafting of chitosan, however, the grafting percentages of vinyl monomers 
onto chitosan using a thermal initiator such as 2,2'-azobisisobutyronitrile, are generally low. These 
vinyl monomers are generally used with an aqueous acetic acid solution. Grafting of poly(acrylic
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acid), polyaciylamide and poly(4-vinylpyridine) onto chitosan using Ce(IV), is reported to be as a 
suitable initiator for the reaction. Graft copolymerization of methyl methacrylate onto chitosan is 
also conducted by a redox initiator; Fenton's reagent (Fe^^^HiOi), which forms free OH radicals, 
that in turn leads to macroradicals on the backbone of polymer by abstraction of hydrogen. Fe^  ^
facilitates grafting through increasing binding of chains onto chitosan that in turn leads to better 
radicals yield. Moreover, higher grafting yield is attained when this reaction takes place at lower 
temperature (Harish Prashanth and Tharanathan, 2007).
Simple grafting reactions using microwave irradiation can be attained under remarkably eco- 
ffiendly reaction conditions. It was noted that the grafted chitosan derivatives is generated in a very 
short reaction time and have improved properties and characteristics. This product has been widely 
used and appreciated for its improved selectivity and adsorptivity (Cao et al., 2001, Huacai et al., 
2006).
By introducing various types of side chains onto chitosan, many desirable properties and potential 
applications can be attained.
Table (4.2): The main methods of graft copolymerization onto chitosan (Kurita, 1997).
Method Grafted monomer Initiator
Inducing radical methyl methacrylate, aerylonitrile, 
vinyl monomers, V-isopropyl 
aerylamide
K2S2O8, Ce'*^ , tributyl borane, 
Fenton's reagent (Fe^  ^+ H2O2)
Irradiation by microwave Polyaerylamide
Inducing radiation 2-hydroxyethyl methacrylate, styrene ^°Co, y-rays
Dendronization styrene, polyamido amine. reduction Æ-alkylation
The main parameters that influence the grafting efficiency and grafting percentage are 
concentration of monomer, concentration and type of initiator, reaction time and temperature.
4.5.1 Grafting By Redox Initiation Method
The most conventional system to generate radicals is redox reaction. In this method, a compound 
molecule is dissociated with the addition of heat or light to two radicals. Hypothetically, redox 
initiator involves two substrates in which one component is oxidized while the other component is 
reduced, typically by electron transfer that results in producing one radical bonded to one 
component (Jenkins and Hudson, 2001). Several redox reagents are used to produce free radicals 
and relay to the polymer and hence the graft copolymerization can occur, such as Fenton’s reagent 
(Fe^V H2O2), Fe^Vpersulphate, Fe^^/hydroperoxides, persulfate and reducing agent, direct
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oxidation, metal chelates and indirect method. In this chemical reaction, the main features are the 
following (Bhattacharya et al., 2009):
• Feasible and exist in the aqueous solution and at room temperature.
• Simplicity of the reaction which can be carried out without constraints in location.
• by modifying the reaction parameters (composition of mixture (initiator/monomer), reaction 
temperature and time), the grafting extent can be controlled.
In this study, the reaction pathway that was used is demonstrated in the next section.
4.5.2 Mechanisms of Grafting Using Persulfate
Thermal or chemical decomposition of an initiator may introduce radicals, through redox reactions 
between two species. The initiator persulfate is a source of SO4 *, resulting in the production of 
OH*. The SO^'and OH* and other radical species produced are capable to produce the free radical 
in the polymeric substrate by abstracting hydrogen atom ( |* ). Monomers which are surrounding 
the polymeric substrate are acceptors of the free radicals, which subsequently initiate the chain. 
Then, they donate free radicals to the other monomers and the grafted chain grows. The termination 
of the grafted chain is usually done by coupling to produce the graft copolymer (Bhattacharya et 
al., 2009).
Initiation Step
Propagation Step
I ^  2 | .  (4.2)
!• +M I-M l .  (4.3)
|—Ml • +  M —> |—M2 • (4.4)
|—M2 • +  M ^  |—Mg • (4.5)
|—Mg • +  M —> |—M4 • (4.6)
|-M „_ i .  +  M l-M n .  (4.7)
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Termination Step 
by coupling
|-M n • +  |-M m * ^  Graft Copolymer (4.8)
where M is the monomer.
Initiation
Initiation occurs as a result of the reaction of chain carrier with a monomer to produce covalent 
bond and subsequently reactive centre at a new position. In vinyl monomers, this step occur as the 
radical removes by abstraction a labile atom from substrate. An initiated radical will result in the 
formation of a number of possible radical species in grafting reaction. The driving force of 
abstraction reaction, from thermodynamic point of view, is the replacement of the weaker bond 
(R — X) by the stronger bond (R' — X). In general, oxygen centred radical is typically more reactive 
by an abstraction reaction (Kochi, 1973, Estenoz et al., 1996). Several possible radical - non radical 
reactions may occur and require significant amount of activation energy; which is the minimum 
energy needed to start the reaction. In addition, the reactions between the radicals of same or 
different species require insignificant or zero activation energy. Therefore, these reactions are 
described as diffusion controlled reactions, which result in the dependence of the overall rate of 
reaction of any radical on the physical property of the system. Small radical is capable of rapid 
diffusion to be close to another radical and terminate the reaction and hence have less opportunity 
to react with a non-radical substrate. In the other hand, large radicals stay for long time and have 
higher opportunity to react with non-radicals, in particular when no small radical species are there 
to diffuse to them.
Propagation
The second step in graft copolymerization is propagation via fi-ee radical (polymer-monomer) 
mechanisms. The propagation continues without any additional initiation required, till all monomer 
molecules is consumed, however, the unselectively reactions of some radical species would not 
probably allow this occur.
Termination
The last step is termination in which the formation of pairs of two radicals will stop the physical 
chain and the kinetic polymeric chain reaction. However, the physical polymer chain is also 
terminated by transferring the reactivity of radicals to other species by chain scission or abstraction.
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In “grafting fi-om” mechanism, the reaction terminates when the radicals lose their capability to 
react due to:
(I) atom abstraction; in case of a relative labile hydrogen atom occurred on the backbone of 
polymer.
(II) small or low molecular weight radicals that form due to addition of free monomer 
molecules to initiator.
(III) large radicals or a persistent or growing radicals on the backbone of polymer, which leads 
to crosslinking or grafting of two same or different polymer chains.
4.5.3 Graft Copolymerization Using Potassium Persulphate
Potassium persulphate is a common initiator that is used in graft copolymerization reactions. This 
free radical initiator allows the grafting to take place in two stages; stage one: single electron 
transfer and then stage two: propagation occurs. At a temperature of 60°C, potassium persulphate 
molecules undergo thermal degradation. This will result in the formation of anionic persulphate 
radicals that attack the cationic amino group at carbon-2 of chitosan (Hsu et al., 2002) and form 
cleavages in the glycosidic bond that result in the generation of chitooligosaccharides and low 
molecular weight water soluble chitosan (Harish Prashanth and Tharanathan, 2005). In the presence 
of potassium persulfate, it was also demonstrated that chitosan molecules produce depolymerization 
(radical-induced) at 60 °C. It is believed that secondary interactions also occur in chitosan 
fi’agments; like hydrophobic interactions and hydrogen bridges between acetylated and non- 
acetylated chains. These interactions result in a high crystalline degree and hence inducing 
significant molecular changes. It was observed that crosslinked chitosan compared to fibrous native 
chitosan have crystallinity granule bundle structure, which extensively favour dissolution and 
swelling (Harish Prashanth and Tharanathan, 2007). Hsu et al noticed that after adding potassium 
persulphate into chitosan solution at 70 °C, the viscosity of solution and the molecular weight of 
chitosan reduced in a very short time (Hsu et al., 2002). Harish Prashanth and Tharanathan 
examined the addition of potassium persulphate as initiator in grafting reaction between chitosan 
and acrylonitrile monomer (Prashanth and Tharanathan, 2003). They found that a maximum 
grafting yield of 249% was observed at 0.74 mM of potassium persulfate, 0.120 M of aciylonitrile 
and at a temperature of 65 °C for 2 h when the concentration of chitosan solution is 1%.
In a study conducted by Yazdani-Pedram and Retuert, chitosan was grafted with vinyl pyrrolidone 
using potassium persulfate as initiator. It was found that a grafting yield (based on chitosan weight) 
of 250-300% was achieved (Yazdani-Pedram and Retuert, 1997).
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4.5.4 Graft Copolymerization of Poly (Methacrylic Acid) onto Chitosan
Chitosan graft copolymerization is increasingly becoming an important reaction due to their 
potential applications in industrial field. A number of vinyl group and other monomers are used in 
grafting and represent a powerful technique to produce substantial enhancement in chitosan 
chemical and physical properties, hence enlarging its range of application. Methyl methacrylic acid 
has been used in graft polymerization onto chitosan by using various initiator systems, such as 
potassium persulfate. Lagos and Reyes studied the grafting of poly(methyl methacrylate) onto 
chitosan backbone by a redox initiator; Fenton's reagent under atmospheric conditions. They found 
that the grafting percentage and grafting efficiency depend on the concentrations of chitosan, 
poly(methyl methacrylate), ferrous ammonium sulfate, hydrogen peroxide, time and temperature 
of reaction (Lagos and Reyes, 1988). El-Tahlawy et al. investigated the grafting reaction of 
methacrylic acid onto chitosan using 2,2-azobis(2-methylpropionitrile) as an initiator. They 
reported that the optimum conditions to carry out the reaction are material-to-liquor ratio of 1:30, 
concentration of 2,2-azobis(2-methylpropionitrile) of 0.125%, and a temperature of 80 °C (El- 
Tahlawy et al., 2006).
Panic et al. synthesized poly(methacrylic acid) hydrogels with monomer neutralization degree of 
0% and 80% and studied their adsorption potential for cationic dye, basic yellow 28 from aqueous 
solutions. The grafting reaction was conducted using 2,2'-azobis-[2-(2-imidazolin-2-yl)propane] 
dihydrochloride as initiator. They found that the adsorption capacities of both modified polymers 
towards the selected dye are highly sensitive to changes in external conditions; in particular the one 
affecting the degree of swelling. Kinetic rate models revealed that the pseudo first order kinetic 
model is best to fit the data and that adsorption is well described with phase-boundary controlled 
models. Thermodynamic models showed spontaneous endothermie system. Both hydrogels showed 
that the chemisorption and physisorption mechanisms were present. The maximum saturated uptake 
was 102 mg/g and 157 mg/g for poly(methacrylic acid) hydrogels 0% and 80%, respectively. Good 
removal properties for the dye were reported with higher adsorption capacities, percentage removal 
and significant acceleration in adsorption were achieved using the monomer up to 80% (Panic et 
al., 2013).
Xing et al. prepared poly(methacrylic acid) modified chitosan microspheres for adsorbing dyes; 
methylene blue and malachite green, from aqueous solutions in batch system. A remarkable 
increase in the adsorption capacities of the produced microspheres for the two cationic dyes was 
noted due to the introduction of a large number of carboxyl groups. Langmuir than Freundlich 
isotherm was better than other models in describing the equilibrium system. Maximum adsorption 
capacities of 1000 mg/g and 523.6 mg/g were accomplished for methylene blue and malachite
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green, respectively, according to Langmuir model. Pseudo second order rate model showed better 
correlation coefficients compared to the other kinetics models, confirming that chemisorption 
mechanism is controlling the process (Xing et al., 2009). Bayramoglu et al. prepared the 
poly(methaciylic acid) brush grafted crosslinked chitosan beads using ammonium persulfate as an 
initiator for grafting reaction. The beads were utilised in ion exchange and adsorption of lysozyme; 
which is a commercial enzyme used in food technology, from aqueous solution. The adsorption 
capacity reached up to 65.7 mg/g at pH of 6.0. The Langmuir isotherm equation was best to fit the 
experimental equilibrium data. Kinetic analysis showed favourable to the second order rate model 
(Bayramoglu et al., 2007).
In this study, crosslinked chitosan is graft copolymerized with poly(methacrylic acid) using 
potassium persulfate as initiator; Figure (4.7). This initiator is commonly used in graft 
copolymerization of vinyl monomer with the addition of heat. First radicals generated by this 
system form from the decomposition of the initiator into two radicals, or what is known as 
homolytic bond scissions. These radicals are capable of abstracting hydrogen atoms from chitosan 
which create macroradicals. This is followed by the reaction of these radicals with the vinyl 
monomer to initiate a grafted chain. Thus, heating the potassium persulfate aqueous solution will 
result in the decomposition of this compound into SO4 * radicals and other radicals. The chitosan 
functional groups; amine groups or hydroxyl groups, react with the free radicals and grafted in the 
backbone of chitosan.
One of the reaction mechanisms that have been interestingly proposed for chitosan/persulphate 
system and consider the direct reaction between the amine group of chitosan with persulphate 
anions to yield R — NH, OSO3H and S04~(Jenkins and Hudson, 2001). However, there were no 
references reporting such mechanisms where the persulphate anions react directly and in particular 
with chitosan as proposed. Equations (4.9) to (4.16) demonstrate the grafting reactions that 
generally proceeds between glutaraldehyde crosslinked chitosan and methacrylic acid (Qudsieh et 
al., 2004).
S2O#- ^  2 S 0 ;' (4.9)
s o ; ' + H2O ^  Hso; + h c  (4.io)
2H 0 * ^H 0 0 H  (4.11)
HO' +  HOOH ^  H2 O +  HO  ^ (4.12)
S2 0 §- +  HO2  -> H s o ;  +  s o ; '  +  O2 (4.13)
85
________Kinetic and Removal Mechanisms of BTEX Compounds from Aqueous Solutions by Chitin, Chitosan and Enhanced Chitosan
o — NH2 + R* ^  o — NH* + RH 
or
0 — OH + R* —> o — 0* + RH (4.14)
o -  NH* + CH2 =  C(CH3)C0 0 H o  -  NHCH2 -  C(CH3)C0 0 H 
or
0 -  0* + CH2 =  C(CH3)C0 0 H ^  o  -  OCH2 -  C(CH3)C0 0 H (4.15)
n C H 2=C (C H 3)C 00H
o — NHCH2 — C(CH3)C0 0 H -------------------- > Grafted Copolymer
or
nC H 2=C (C H 3)C 00H
o — OCH2 — C(CH3)C0 0 H  > Grafted Copolymer (4.16)
where o — OH is glutaraldehyde crosslinked chitosan and R* is the free radical species.
The grafting percentage and efficiency is determined by the following equations (Qudsieh et al., 
2004);
Wi -  Wq (4 17)
Percentage G rafting = — —  x 100
Wq
— Wq (4 18)
Percentage E ffic ien cy  = — — x 100
Vv2
where
Wq is the weight of chitosan 
Vfi is the weight of grafted polymer 
W2 is the weight of the monomer
It was noted that the solubility of the produced graft copolymer is very low in many organic 
solvents; hence the conformation of graft copolymer cannot be obtained using the nuclear magnetic 
resonance (NMR) technique. Nevertheless, the indirect methods such as infrared spectroscopy and 
acid hydrolysis technique can be used in the conformation of grafting reaction (Hebeish et al., 1988, 
Qudsieh et al., 2004).
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InitiatorOH OH
NHz
Figure (4.7): Graft copolymerization of methacrylic acid with chitosan.
4.5.5 Effect o f Solvents Added
In radical mechanism, solvents used in grafting reaction may act mainly as chain transfer agents. 
Aravindakshan et al. reported that the redox graft copolymerization of methacrylic acid with starch 
is influenced by solvent added to the system. They performed their study in the presence of 
triethylamine or mercaptosuc. They controlled the molecular weights of grafted chains using chain 
transfer agents, whereby the constants of chain transfer were identified (Aravindakshan et al.,
1997).
4.6 Summary
Crosslinking and graft copolymerization of chitosan are important areas in the science development 
of this polymer with potential utilisations in many fields such as wastewater treatment. As with any 
synthetic materials, the characterisations of resulting polymer are vital in developing property 
structure relationship. The principles in preparing covalently crosslinked chitosan were discussed 
in this chapter, which are effective in describing the properties of the produced microspheres. 
Covalent crosslinking chitosan, being a useful method for producing a wide variety of enhanced 
polymer, has classically been plagued by lack of control over the mechanisms; as other interactions 
may occur. Crosslinking have been successful in terms of improving many properties of raw 
chitosan, however, it decreases the capacity of adsorption. Extending the versatility of crosslinked 
chitosan, grafting a new functional group on the backbone of chitosan does not only change the 
main skeleton of chitosan but also incorporates a new or improved properties to it; it enhances the 
capacity of adsorption and the adsorption selectivity of pollutant. Grafting by redox initiating 
method has been studied in this chapter which are important for the formation of specific radical. 
Radical grafting mechanism was used to obtain a copolymerized grafted chitosan derivative. In 
radical copolymerization mechanism, several reactions are involved, such as initiation, propagation, 
and termination. In the context of this chapter, chitosan offered many interesting challenges, in 
regard to such novel enhancement methods. Further understanding of the polymer chemistry 
described will be obtained in the experimental work to evaluate the performance of these systems.
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Chapter 5
Experimental Programme:
Removal of BTEX from Aqueous 
Solutions by Chitin and Chitosan
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The uses of low-cost adsorbents, such as chitin and chitosan, in water and wastewater treatment 
applications have been the subject of research for many decades. In the last decades, many studies 
have been undertaken on the production, properties and applications of chitin and chitosan (Ravi 
Kumar, 2000, Synowiecki and Al-Khateeb, 2003). Many other researchers have studied the 
adsorption of organic compounds by low-cost adsorbents; as discussed in the previous chapters. In 
addition, many researchers have worked on different adsorption isotherms and kinetic models 
applied to study the removal of organic and inorganic compounds from aqueous solutions. Since 
chitin and chitosan is abundant in nature and are considered as “green” and low-cost adsorbents, 
then evaluating the differences in adsorption capacitates of chitin and chitosan and the applicability 
of various isotherm and kinetic models to BTEX equilibrium data constitute the main purpose of 
this study. In this chapter, experimental works were carried out for the removal of single-component 
BTEX compounds from aqueous solutions using chitin and chitosan. Equilibrium sorption 
isotherms and kinetic studies have been undertaken to investigate the mechanisms of BTEX 
adsorption. An error analysis have been conducted to determine the optimum isotherm model and 
isotherm parameters that describe the adsorption process.
5.1 Chemicals and Materials
5.1.1 Adsorbates
The BTEX compounds; benzene, toluene, ethylbenzene and m-xylene, used were of analytical 
grade with >99% purity, and were purchased from Fluka, UK. The stock standard solutions were 
prepared by mixing the appropriate proportions of BTEX with methanol. The test solutions were 
prepared by diluting the stock solution with deionized distilled water to the desired concentrations.
5.1.2 Adsorbents
Chitin and chitosan used throughout the experiments were delivered by Aldrich, UK, and Sigma, 
UK, respectively. The natural chitin and chitosan from crab shells were used in powder form and 
their chemical formula are (CgHi3N05)n and (C6Hi3N05)n, respectively. The two selected 
adsorbents were used as procured. Their molecular properties are listed in Table (5.1).
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Table (5.1): Molecular properties of chitin and chitosan.
Material CAS no. Molecular Structure
Chitin from crab shells 1398-61-4
,y-cn,
Chitosan from crab shells 9012-76-4
HO.
HO, :oH
OH NH
HO NH;
5.2 Experimental Procedures
5.2.1 Batch Adsorption Procedure
Batch sorption studies were conducted to remove single BTEX compound from aqueous solutions 
by weighing chitin and chitosan into 33 ml glass tubes. Appropriate proportions of the analyte were 
added to the volumetric flask that contained methanol to prepare a stock solution concentration of 
200 mg/1. The flasks were then diluted with reagent water to desired concentrations to prepare the 
testing solutions, sealed with stoppers and mixed by inverting the flasks three times. The solutions 
were transferred into glass tubes and sealed with teflon-screw caps. The samples were prepared in 
duplicates at room temperature (22 ± 1 °C). To monitor both the losses by volatilisation and by 
adsorption into the walls of the tubes, samples containing just the analyte solution without the 
adsorbents were also prepared. The samples were subsequently placed on a rotaiy shaker at 300 
rpm for 24 hr under ambient conditions. The samples were then centrifuged at 3000 rpm for 20 
minutes to allow the adsorbent particles to settle and separate from the solution. After 
centrifugation, a portion of the supernatant was extracted in a septum-capped glass vial. Analyses 
of the extracted BTEX compound were performed using a Clarus®500 gas chromatograph 
equipped with mass spectroscopy (GC-MS) from PerkinElmer.
In order to evaluate the effect of initial BTEX concentration, a series of batch experiments were 
conducted at different initial BTEX concentrations of 5, 10, 20, 50, 100, 150, 200 mg/1 prepared 
from the stock solution with the adsorbent dose maintained constant at 0.5 g. In addition, different 
adsorbent doses of 0.1, 0.3, 0.5, 0.7 and 0.9 g were tested to evaluate the effect of the adsorbent 
dose on the BTEX removal performance with the initial concentration kept constant at 50 mg/1.
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5.2.2 Kinetic Study Procedure
The adsorption kinetics of the single-component BTEX system by chitin and chitosan were studied 
using the batch technique. Kinetic studies were performed at initial BTEX concentration of 50 mg/1 
and adsorbent dose of 0.5 g. For this purpose, a number of glass tubes containing a specific volume 
of each of BTEX solution (33 ml) of known concentrations were placed in the shaker. After pre­
decided intervals of contact time (2,4, 6, 8,12, and 24 hrs) the solutions of the specified glass tubes 
were separated from the adsorbent material and analysed using the GC-MS to identify the 
adsorption capacities of chitin and chitosan. While there were no significant changes in the pH of 
the solutions before and after equilibrium that was observed, it was assumed that the uptake pH was 
constant for all the experiments.
5.2.3 Aualytical Procedure
The separated BTEX concentrations were measured using Clarus®500 gas chromatograph 
equipped with mass spectroscopy (GC-MS) from Perkin Elmer. A GC column of 30 m x 0.25 mm 
i.d. with helium as a carrier gas (purity 99.99%) was used for quantification. The injector port 
temperature was maintained at 150°C, the oven was programmed with initial temperature of 30°C, 
and then to 150°C at 10°C/min. Daily calibration curves were prepared with each of the BTEX 
compounds, hence the concentration of individual BTEX compounds was estimated from their 
corresponding chromatographic peaks using the appropriate calibration data.
The percentage removal of BTEX by chitin and chitosan was calculated using the following 
equation
%Removal = XIOO
where, Cq is the initial concentration of BTEX and Q  is the equilibrium concentration. The amount 
of BTEX adsorbed, X, was determined from the initial and final concentration by a simple mass 
balance equation:
X =  (Q  -  Q )P  (5.2)
Where, V is the volume of BTEX solution.
Figure (5.1) shows the experimental methodology that was carried out to determine the efficiencies 
of the selected adsorbents, in terms of BTEX removal from aqueous solution throughout this work. 
The isotherm and kinetic analysis for the adsorption of BTEX compounds from aqueous solutions 
are introduced in the next sections.
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Samples were shaken at 
300 rpm for 24 hrs
Samples were shaken at 
300 rpm for 24 hrs
0.5 g± 0.005 of adsorbent 
was added to the tubes
0.5 g± 0.005 of adsorbent 
added to the tubes
Effect of contact time
( Q  =  50mg/l)
Effect of adsorbent dose
(Co = 50mg/l)
Samples were shaken at 
300 rpm for 2 ,4 , 6, 8, 
12, and 24 hrs
Stock solutions for single-component BTEX system was prepared
Samples were centrifuged at 3000 rpm for 20 mins
0.005 was added to the 
tubes
Adsorbent dose o f 0.1,
Supernatant was extracted and critically analysed using GC-MS
Effect of initial BTEX 
concentration
( a  = 5, 10,20, 50, 100, 
150 and 200 mg/1)
33 ml o f test solutions containing different initial BTEX 
concentrations (G ) was prepared
Figure (5.1): Experimental methodology for adsorption of BTEX compounds by selected
adsorbents.
5.2.4 Quality Assurance/Quality Control
All glassware was pre-soaked in diluted H N O 3 solution for one day, rinsed thoroughly with 
deionized distilled water and dried in the oven overnight; plastic stopcock keys were not placed in 
the oven. All test samples were replicated twice and the blank samples were run in parallel to 
establish reliability, accuracy and reproducibility. All observations were recorded in duplicate and 
an average was reported. Blank samples were run and there were negligible corrections to apply.
5.3 Results and Discussion
Isotherms and kinetic studies have been carried out on single-component BTEX adsorption system 
from aqueous solutions into chitin and chitosan in the following sections. A detailed error analysis 
has been performed to study the influence of different error measures in calculating the isothenn
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parameters of single-eomponent solutions and their effects on the results of various isotherm models 
used.
5.3.1 Removal of Benzene from Aqueous Solutions by Chitin and Chitosan
5.3.1.1 Adsorption Isotherm Studies
Distributions of benzene between the solid phase; the adsorbent, and the solution phase are 
presented in Figure (5.2). For both chitin and chitosan, the concentration of benzene in the solid 
phase increased with that in the solution phase, due to the increase in the driving force necessary to 
overcome the resistance to mass transfer of benzene molecules from the solution phase to the solid 
surface. At higher solution concentrations, retention of benzene by chitin and chitosan increased 
significantly. The large ring size of benzene could have resulted in high hydrophobicity, and hence 
producing an increase in partitioning affinity. Based on Figure (5.2), the adsorbed amounts of 
benzene by chitosan were generally higher than that by chitin. It was found that the maximum 
removal percentages of benzene from aqueous solutions were 23% and 54% by chitin and chitosan 
respectively, for an initial benzene concentration of 50 mg/1 and adsorbent dose of 0.5 g. The upper 
line of chitosan represents better adsorption capacity and thus better adsorbent material compared 
to chitin.
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Figure (5.2): Adsorption isotherms showing the distributions of benzene in solid and solution 
phase (adsorbent dosage = 0.5 g; room temperature = 22 ± 1 °C).
The results of fitting the Langmuir, Freundlich, Redlich-Peterson, Temkin, and Dubinin- 
Radushkevich isotherm models for the adsorption of benzene on chitin and chitosan are shown in 
Table (5.2) and Figure (5.3). For a two parameter model, the Langmuir isotherm was found to best
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f i t  t h e  e q u i l i b r i u m  d a t a  c o m p a r e d  t o  t h e  F r e u n d l i c h  i s o t h e r m  m o d e l  f o r  b o t h  c h i t i n  a n d  c h i t o s a n .  
T h e  v a l u e s  o f  t h e  e s s e n t i a l  d i m e n s i o n l e s s  s e p a r a t i o n  f a c t o r  o f  t h e  L a n g m u i r  i s o t h e r m ,  R i ,  a t  i n i t i a l  
c o n c e n t r a t i o n  o f  b e n z e n e  o f  50 m g / l  a r e  p r e s e n t e d  i n  T a b l e  (5.2). I t  w a s  f o u n d  t h a t  t h e  v a l u e s  o f  
w e r e  l e s s  t h a n  1 f o r  t h e  b e n z e n e  a d s o r p t i o n  o n t o  c h i t i n  a n d  c h i t o s a n ;  h e n c e  t h e  f a v o u r a b l e  p r o c e s s  
i s  t h e  a d s o r p t i o n .  T h e  v a l u e s  o f  F r e u n d l i c h  c o n s t a n t s  (K)  a n d  (\/n)  f o r  c h i t o s a n  w e r e  h i g h e r  
c o m p a r e d  t o  c h i t i n ,  w h i c h  i n d i c a t e s  t h e  h i g h e r  a d s o r p t i o n  c a p a c i t y  o f  b e n z e n e  ( t h e  v a l u e s  o f  K  = 
0.0132 a n d  0.0621 ( m g / g )  ( m g / l ) ' * ^ “  a n d  l/n  =  0.9003 a n d  1.0470 f o r  c h i t i n  a n d  c h i t o s a n ,  
r e s p e c t i v e l y ) .
Table (5.2): P a r a m e t e r s  o f  a d s o r p t i o n  i s o t h e r m s  f o r  t h e  r e m o v a l  o f  b e n z e n e  b y  c h i t i n  a n d  
c h i t o s a n  ( a d s o r b e n t  d o s e  =  0.5 g ;  r o o m  t e m p e r a t u r e  =  22 ±  1 ° C ) .
Adsorbent a  (mg/g) b (1/mg) Rl R^  (linear) R^  (non-linear)
Langmuir isotherm 
Chitin 5 . 5 0 6 6 0 . 0 0 2 8  0 . 8 7 9 0 0 . 9 6 3 5 0 . 9 7 2 8
Chitosan 3 1 . 3 4 8 0 0 . 0 0 1 4  0 . 9 3 6 4 0 . 9 1 2 8 0 . 9 7 2 0
Adsorbent K  ( m g / g )  ( m g / l ) - ' / " )  l / n R^  (linear) R^  (non-linear)
Freundlich isotherm 
Chitin 0 . 0 1 3 2  0 . 9 0 0 3 0 . 9 6 1 1 0 . 9 7 1 6
Chitosan 0.0621 1 . 0 4 7 0 0 . 9 0 5 8 0 . 9 5 1 7
Adsorbent ( 1 /g ) «^(l/mg)'//  ^ p R^  (linear) R^  (non-linear)
Redlich-Peterson isotherm 
Chitin 0 . 0 6 2 5 4 2 . 0 1 8 0  1 . 0 0 9 2 0 . 9 9 9 8 1 . 0 0 0 0
Chitosan 0 . 1 4 3 5 7 1 . 1 2 2 2  1 . 0 2 6 0 0 . 9 9 8 4 0 . 9 9 9 5
Adsorbent Bi KriVmg) R^  (linear) R^  (non-linear)
Temkin isotherm 
Chitin 0 . 8 0 0 0 0 . 1 5 2 4 0 . 8 8 7 6 0 . 9 6 0 4
Chitosan 1 . 2 5 9 1 0 . 2 5 2 3 0 . 9 6 4 0 0 . 9 9 2 1
Adsorbent qa (mg/g) E(kJ/g) R^  (linear) R^  (non-linear)
Dubinin-Radushkevich isotherm 
Chitin 1 . 1 1 2 9 2 2 . 0 7 8 5 0 . 6 1 5 4 0 . 9 6 8 1
Chitosan 2 . 5 8 6 7 3 0 . 8 0 1 8 0 . 8 4 1 0 0 . 9 1 9 4
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Figure (5.3): A d s o r p t i o n  i s o t h e r m s  o f  b e n z e n e ;  ( a )  L a n g m u i r  ( b )  F r e u n d l i c h  ( c )  R e d l i c h - P e t e r s o n  
i s o t h e r m  m o d e l s  p r e d i c t i o n  ( r o o m  t e m p e r a t u r e  =  2 2  ±  1 ° C ;  a d s o r b e n t  d o s a g e  =  1 5  g / 1 ) .
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For the three parameter model, the Redlich-Peterson was found to best fit the adsorption data. The 
Redlich-Peterson model was analysed using a minimization procedure to determine the values of 
the model parameters; Kj ,^ and P, by maximizing the coefficient of determination, R^, between 
the predicted values of X/M and the experimental values and by using the solver function in MS 
Excel; add-in function. Figure (5.3) shows the equilibrium data fitted to Freundlich, Langmuir and 
Redlich-Peterson isotherm models. Overall, according to the R  ^ values, the Redlich-Peterson 
model best fit the experimental data.
5.3.1.2 Error Analysis o f Isotherm Models
Analysis of the equilibrium data for the adsorption of benzene from aqueous solutions by chitin and 
chitosan was carried out by five isotherm models; namely, Langmuir, Freundlich, Redlich-Peterson, 
Temkin and Dubinin-Radushkevich; Table (5.3), Table (5.4).
Table (5.3): Values of Langmuir, Freundlich, Redlich and Peterson, Temkin and Dubinin- 
Radushkevich isotherm parameters for the adsorption of single component benzene system by 
chitin found by analysis methods of five error deviation functions.
ERRSQ HYBRID MPSD ARE SAE
Langmuir 
a (mg/g) 5.60153 5.54707 5.49292 5.58476 5.60941
b (1/mg) 0.00274 0.00276 0.00281 0.00276 0.00273
Sum of Normalized Error 2.52620 4.96497 3.05380 4.02547 2.55470
Freundlich 
K  (mg/g) (mg/l)-'/") 0.01745 0.00187 0.00183 0.00195 0.01693
l /n 0.95080 0.90537 0.90824 0.96508 0.98047
Sum of Normalized Error 3.15001 4.97902 4.98706 4.60247 4.19833
Redlich-Peterson
/^«(l/g) 0.063 0.064 0.062 0.059 0.059
Ug(l/mg)'/^ 40.095 40.236 40.052 40.015 42.013
P 0.870 0.997 1.015 0.920 0.999
Sum of Normalized Error 3.088 4.701 4.960 3.879 4.971
Temkin
0.80000 0.50593 0.16744 0.20144 0.84459
Kril/mg) 0.15239 0.11464 0.32485 0.34036 0.13476
Sum of Normalized Error 2.88724 3.63955 3.26408 2.92346 3.42940
Dubinin-Radushkevich 
qa (mg/g) 0.9993 0.9963 0.9612 0.9933 0.9872
Bo 0.0017 0.0059 0.0000 0.0068 0.0099
Sum of Normalized Error 2.2543 2.6753 4.3069 2.7079 2.7748
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Table (5.4): Values of Langmuir, Freundlich, Redlich and Peterson, Temkin and Dubinin- 
Radushkevich isotherm parameters for the adsorption of single component benzene system by 
chitosan found by analysis methods of five error deviation functions.
ERRSQ HYBRID MPSD ARE SAE
Langmuir 
a (mg/g) 31.3786 30.8937 30.2725 31.0997 31.1048
b (1/mg) 0.0014 0.0014 0.0015 0.0014 0.0014
Sum of Normalized Error 2.4819 3.8201 2.7040 4.9431 2.8252
Freundlich 
K  (mg/g) (mg/l)-'/") 0.0618 0.0615 0.0619 0.0619 0.0621
l /n 1.0495 1.0489 1.0475 1.0475 1.0469
Sum of Normalized Error 4.8412 4.9947 4.9942 4.9704 4.9651
Redlich-Peterson
^«(1/g) 0.1413 0.1158 0.1861 0.1437 0.1437
aR(l/mg)'/^ 71.2386 67.8101 69.0738 71.0881 71.0854
P 1.0323 1.0311 1.0366 1.0341 1.0341
Sum of Normalized Error 4.6076 4.7604 4.9769 4.6160 4.6158
Temkin
Bi 1.2591 1.3447 0.7134 1.2999 1.3941
KriVmg) 0.2523 0.3809 0.3518 0.3409 0.2767
Sum of Normalized Error 2.5818 4.3754 3.1220 2.6484 2.8106
Dubinin-Radushkevich 
Rd (mg/g) 2.3992 2.0479 0.9612 2.0854 2.4038
Bd 0.0005 0.0004 0.0000 0.0004 0.0006
Sum of Normalized Error 2.9516 3.1056 5.0000 3.0208 3.0546
The nonlinear regression analysis was suggested to examine the best fit for the experimental data 
using various error functions; the sum of the squares of the errors (ERRSQ), the hybrid fractional 
error function (HYBRID), Marquardfs percent standard deviation (MPSD), the average relative 
error (ARE), and the sum of the absolute errors (EABS). The values of the sum of normalized error 
and isotherm parameters obtained by minimizing the error distribution between the predicted and 
experimental data by five error functions for benzene adsorption by chitin and chitosan are given 
in Table (5.3), Table (5.4), respectively. By comparing the ERRSQ, HYBRID, MPSD, ARE, and 
SAE, regardless of the isotherm model, the ERRSQ provided the lowest values for the sum of 
normalized error for chitin and chitosan.
From appendix (A), the size of error functions corresponding to the minimized deviations between 
the predicted and experimental data for each model proposed that the Langmuir isotherm model 
was found to be the best fit model that suggest homogeneous benzene adsorption and a monolayer
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coverage onto the surface of adsorbent. An important point to be mentioned is that from Table (5.2), 
Table (5.3) and Table (5.4), the values of P for Redlich Peterson model which gives the highest 
R ,^ for the two selected adsorbents, were found to be high «  1, which confirm that the isotherm 
model is approaching the Langmuir equation and not the Freundlich equation. This result is also in 
good agreement with the greater values of R^ of Langmuir model when compared to that of 
Freundlich model. Table (5.2). These observations based on the non-linear regression method show 
that the Langmuir isotherm is the optimum isotherm model and provides the best fit of the 
equilibrium data.
5.3.1.3 Factors Affecting Adsorption o f Benzene by Chitin and Chitosan
The following sections present the effects of various key parameters such as the initial benzene 
concentration, adsorbent dose, and contact time on the removal performance of benzene from 
aqueous solutions in single component system.
5.3.1.3.1 Effect o f Initial Benzene Concentration
The effect of initial benzene concentration, Co, on the extent of adsorption on chitin and chitosan is 
shown in Figure (5.4). The amount of benzene adsorbed per unit mass of adsorbent is generally 
increased with increasing the initial benzene concentration until a plateau was reached. Increasing 
the initial concentration of benzene would increase the driving force necessary to overcome the 
resistances to mass transfer of benzene molecules from the bulk solution to the solid surface. 
Additionally, the increase in Co would also enhance the interaction between benzene and the 
adsorbents. Thus, an increase in initial concentration of benzene would enhance the benzene 
adsorption uptake. It was also observed that the adsorption of benzene by chitosan is higher than 
chitin.
5.3.1.3.2 Effect o f Adsorbent Dose
The effects of adsorbent dosages on the uptake of benzene by chitin and chitosan were studied at 
fixed initial benzene concentration of 50 mg/l. Figure (5.4). The results revealed that the removal 
of benzene increased with increasing the adsorbent dose. The benzene removal at adsorbent dose 
greater than 0.5g was found to remain almost unchanged, due to the equilibrium that existed 
between the benzene concentration on the solid phase and that in the solution phase. The increase 
in adsorbent particles surrounding the benzene molecules resulted in an increase of molecules 
attached to these solid particles. There were very slight differences between the uptake of benzene 
by chitin and chitosan; the benzene removal by chitosan was higher than that by chitin.
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Figure (5.4): Effects of (a) Initial concentration of benzene, (b) adsorbent dosages and (c) contact 
time on the removal of benzene from aqueous solutions by chitin and chitosan.
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5.3.1.3.3 Effect o f Contact Time
The adsorption data for benzene uptake by the two selected adsorbents versus contact time is 
presented in Figure (5.4). The rate of benzene uptake is fast during the initial 6 hrs of the contact 
period, and thereafter, decreased until it reached equilibrium. The equilibrium time required for the 
adsorption of benzene is almost 6 hrs. During the initial 6 hrs, a large number of vacant sites are 
available for the benzene molecules, after which, the adsorption process is ceased due to the 
repulsive forces between the benzene molecules present in the solid phase and those in solution. 
All samples were kept in contact with the adsorbents for 24 h to ensure equilibrium.
5.3.1.4 Adsorption Kinetics
The experimental data were fitted using four kinetic models to describe the adsorption kinetics of 
benzene onto chitin and chitosan; the pseudo-first order and pseudo-second order rate equations, 
Bangham’s equation and the intra-particle diffusion equation.
The values of various kinetic constants of pseudo-first order rate model and the correlation 
coefficients, are summarised in Table (5.5). The plot of ln[l -  U(t)'\ versus t gives a straight line 
passing through the origin, however, some of adsorption data do not fit this equation well, as for 
instance the value for chitosan, is found to be 0.889, at initial benzene concentration of 50 mg/l.
Table (5.5): Pseudo-first order and pseudo-second order rate constants for adsorption of benzene 
by chitin and chitosan.
Adsorbent
First order kinetic model Second order kinetic model
Kx R2 K2 h R2
(hr') (g mg ' hr') (mg g-' hr') (mg/g)
Chitin 0.815 0.892 1.970 1.703 0.930 0.999
Chitosan 0.511 0.889 1.976 2.298 1.078 0.999
Using the pseudo-second order adsorption rate equation, tlX  was plotted versus t at the same initial 
benzene concentrations for chitin and chitosan. Figure (5.5). It was observed that the values of 
benzene uptake by chitin were higher than chitosan and were consistent with the results obtained 
earlier. The amounts of benzene adsorbed at equilibrium (Xe) and the initial adsorption rate (h) 
along with the values of second order kinetic constant, Aj, were calculated from the linear fitting of 
the data; Table (5.5). It was found that the correlation coefficients, R \  obtained for the pseudo- 
second order kinetic model were higher and closer to unity than that of the pseudo-first order kinetic 
model for the two selected adsorbents. The pseudo-second order kinetic results showed that the
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plots were linear with high correlation coefficients (>0.999). Therefore, the adsorption of benzene 
onto chitin and chitosan obeyed the second order kinetic model.
The linearized plot of the Bangham’s model for the adsorption of benzene is shown in Figure (5.5). 
The values of correlation coefficients, R^, are close to unity for the double logarithmic plot of the 
Bangham’s equation. Figure (5.5), indicating that the diffusion of benzene into the pores is a 
controlling step in the adsorption process.
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Figure (5.5): (a) Pseudo-second-order rate equation and (b) Bangham’s equation, for the removal 
of benzene by chitin and chitosan (temperature = 22 ± 1 °C, initial concentration of benzene =50
mg/l, adsorbent dosage = 15 g/1).
The kinetic data was used to demonstrate the participation of intra-particle diffusion model in the 
adsorption process of benzene by chitin and chitosan. The plots of the mass of benzene adsorbed
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per unit mass of adsorbent versus the square root of time for all the adsorbents are presented in 
Figure (5.5). This figure shows that the data points are related by straight lines, which indicate that 
the pore diffusion is taking place. When the linear portions of the plots were extrapolated to give 
the y-intercept, the boundary layer thickness can be measured. However, the straight lines obtained 
do not pass through the origin. The deviation of these lines from the origin can be attributed to the 
difference in the mass transfer rate in the initial and final stages of the adsorption process. 
Furthermore, such deviation indicates that the pore diffusion is not the only controlling step in the 
adsorption. It was found that the straight lines of XIM  versus were more closely passing through 
the origin in the case of chitin and hence the intra-particle diffusion can be assumed to be more 
controlling step for its adsorption process than chitosan.
X Chitin
♦  ChitosonD)
a.
Figure (5.6): Relationship between benzene uptake by chitin and chitosan and the square root of 
time (initial benzene concentration = 50 mg/l; adsorbent dose: 0.5 g; room temperature =
22 ± 1 °C).
The slope of the Weber and Morris plots represents the rate parameter, Arid, which characterise the 
rate of adsorption in the region where intra-particle diffusion is controlling. The values of are 
given in Table (5.6), which shows chitosan with a higher value of than chitin. The values of 
correlation coefficients are given in Table (5.6), which indicates that the Weber and Morris model 
gives a better representation of the data.
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Table (5.6): Weber and Morris intra-particle diffusion constants for benzene adsorption (initial
benzene concentration -  50 mg/l; adsorbent dose = 0.5 g; room temperature = 22 ± 1 °C).
Adsorbent i^d / R^
Chitin 0.072 1.470 0.967
Chitosan 0.094 1.713 0.949
5.3.2 Removal of Toluene from Aqueous Solutions by Chitin and Chitosan
5.3.2.1 Adsorption Isotherms
The experimental data obtained were fitted by several well-known isotherm models to assess their 
performance and to estimate their parameters, which are related to sorption nature, surface 
heterogeneity, energy calculations, etc. The Langmuir, Freundlich, Redlich-Peterson, Temkin, and 
Dubinin-Radushkevich isotherm models were used with a view to examine the adsorption 
mechanisms involved at equilibrium.
Langmuir isotherm model
Figure (5.7) shows the plot of M /X  against 1 /Q  for the linear Langmuir equation form. The values 
of Langmuir isotherm parameters; a and b are given in Table (5.7). The high values of R  ^for the 
Langmuir isotherm suggest that the Langmuir model fits well the experimental data. The values of 
Rl for the initial concentration of toluene of 50 mg/l are shown in Table (5.7). The values of Ri 
obtained were found to lie between 0 and 1 for toluene adsorption on the two selected adsorbents, 
confirming that adsorption is the favourable process.
Freundlich isotherm model
Similarly, Figure (5.7) depicts the Freundlich isotherm of toluene removal by chitin and chitosan 
at various initial adsorbate concentrations. The linearized Freundlich isotherm was tested by 
plotting X /M  against Q  on log-log scale. In this figure, it was found that the Freundlich isotherm 
model can describe the adsorption data obtained from the experiments well. The optimal equation 
parameters were calculated from the fitted line of Freundlich equation with the experimental data 
and are given in Table (5.7). The values of the non-linear coefficient R^  found based on the deviation 
between the theoretically predicted data and the experimental data, are higher than the linear R^  and 
are presented in Table (5.7). The values of R^  suggest that the linear Freundlich isotherm appears 
to be a reasonable model for the adsorption in the two systems, with chitosan appearing to fit the 
equilibrium data better than the chitin isotherm. However, the Langmuir equation fits the 
experimental data points better than the Freundlich equation.
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Figure (5.7): Adsorption isotherms of toluene; (a) Langmuir (b) Freundlich (c) Redlich-Peterson 
isotherm models prediction (room temperature = 22 ± 1 °C; adsorbent dosage = 15 g/1).
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T a b l e  ( 5 . 7 ) :  Parameters of isotherm models for the adsorption of toluene by chitin and chitosan 
(room temperature = 22 ± 1 °C; adsorbent dosage =15 g/1).
Langmuir isotherm a (mg/g) b (1/mg) Rl R^  (linear) R^  (non-linear)
Adsorbent
Chitin 12.6422 0.0029 0.8732 0.9823 0.9864
Chitosan 31.3480 0.0012 0.9448 0.9797 0.9954
Freundlich isotherm K (mg/g) (mg/l)-'/") l /n R^  (linear) R^  (non-linear)
Adsorbent
Chitin 0.0381 0.9468 0.9107 0 . 9 6 7 8
Chitosan 0.0407 1.0687 0.9254 0.9857
Redlich-Peterson isotherm /fR (1/g) a«(l/mg)'/^ P R^  (linear) R^  (non-linear)
Adsorbent
Chitin 0.1539 21.7780 0.9893 0.9995 0 . 9 9 9 8
Chitosan 0.1378 3 8 . 7 6 4 3  0 . 9 3 3 9 0.9956 0 . 9 9 6 3
Temkin isotherm /fr/l/mg) R^  (linear) R^  (non-linear)
Adsorbent
Chitin 0.8720 0.2390 0.9199 0.9743
Chitosan 1.4132 0.2182 0 . 9 2 2 3 0.9904
Dubinin-Radushkevich isotherm Rd (mg/g) E(kJ/g) R^  (linear) R^  (non-linear)
Adsorbent
Chitin 1.5585 37.3193 0.6306 0.9067
Chitosan 2.2495 30.6720 0.6971 0.9201
Redlich-Peterson isotherm model
Equation (3.16) was used to determine the values of the model parameters and ^  by a
minimization procedure that maximize the between the predicted X/M and the experimental 
data by applying the solver function in MS Excel; add-in function. The linearized plot of Redlich- 
Peterson isotherm for the adsorption of toluene onto chitin and chitosan are presented in Figure 
(5.7). The Redlich-Peterson isotherm constants aj  ^ and p  and the correlation coefficients, R^, 
are listed in Table (5.7). Analysis of the isotherm plot shows that the Redlich-Peterson model 
accurately describes the adsorption of toluene on chitin and chitosan over the range of
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concentrations studied. The values of are extremely higher than the preceding two isotherm 
models, since the procedure used to determine the model parameters maximizes the coefficient of 
determination. Therefore, Redlich-Peterson isotherm best fit the data for toluene adsorption onto 
chitin and chitosan.
Temkin isotherm model
The values of Temkin isotherm constants, Kj and were determined by plotting X /M  versus 
In Cg (not shown) and are shown in Table (5.7). Analysing the adsorption data shows that the 
Temkin isotherm provides a reasonably well fit to toluene adsorption onto chitin and chitosan across 
the range of concentrations studied.
Dubinin—Radushkevich isotherm model
The linear plot of Dubinin-Radushkevich isotherm for toluene adsorption (not shown) shows that 
the Dubinin-Radushkevich isotherm does not provide an accurate description of the data over the 
range of concentrations studied and this is confirmed by the low values of correlation coefficients, 
R^, presented in Table (5.7). The value of adsorption energy is the lowest for toluene adsorption on 
chitosan. Since the values of coefficient of determinations are lower compared to that values 
obtained in the other four models, the Dubinin-Radushkevich does not represent the experimental 
data satisfactorily.
S.3.2.2 Error Analysis o f Isotherm Models
Equilibrium studies have been performed for the adsorption of single component system of toluene 
onto chitin and chitosan. The Langmuir, Freundlich, Redlich-Peterson, Temkin and Dubinin- 
Radushkevich have been used to predict the optimum isotherm model for the adsorption data. A 
detailed error analysis has been carried out to study the determined single component isotherm 
parameters and their influence on the results of best fit isotherm equations.
Generally, by comparing the values of R ,^ the linearized form of Langmuir isotherm equation 
provided a better fit for the experimental data than the Freundlich equation for both chitin and 
chitosan. Because of the inherent bias produced by linearizing the isotherm equations, alternative 
isotherm parameter sets were calculated from the nonlinear regression analysis using various error 
functions. Table (5.8) and Table (5.9) depict each isotherm parameter set with the corresponding 
sum of normalized error for chitin and chitosan, respectively. According to the error analysis, the 
most obvious observations is that the Langmuir model, regardless of the error function, was found 
to have the lowest size of errors compared to the other isotherm models and hence best fit the 
equilibrium data, even better than the Redlich-Peterson model, contradicting the results from linear 
regression. Appendix A.
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In fact, each error method result in different isotherm parameter sets and thus the optimum isotherm 
parameter set is so complicated to identify. Hence, it was proposed to normalize and combine the 
results of each isotherm parameter set, in order to compare the isotherms parameter sets; by 
determining the values of each error method and the corresponding parameter set, then normalizing 
the errors by dividing by the maximum value of error function, and finally calculating the sum of 
the normalized errors. Using this method, it was found that the isotherm parameter set derived using 
the ERRSQ measure provided the overall best fit. The author believes that the experimental data 
distribution does not provide excessive weight to low or high concentrations and that the selected 
error analysis methods give a wide and reasonable selection.
Table (5.8): Values of Langmuir, Freundlich, Redlich and Peterson, Temkin and Dubinin- 
Radushkevich isotherm parameters for the adsorption of single component system of toluene by 
chitin found by analysis methods of five error deviation functions.
ERRSQ HYBRID M PSD ARE SAE
Langmuir 
a (mg/g) 12.6875 12.7884 12.7753 12.6587 1 2 .6 1 5 4
b (1/mg) 0.0029 0.0029 0.0029 0.0029 0.0029
Sum o f  Normalized Error 3.7821 3.9902 3 . 9 4 2 9 4.9743 3 . 9 9 5 6
Freundlich 
K (mg/g) (mg/1)-'/") 0.0358 0.0349 0.0368 0.0387 0.0360
1 /n 0.9308 0.9035 0.8925 0.8914 0.8993
Sum o f  Normalized Error 1.9158 4.9878 4.8718 3 . 7 3 6 7 4.6626
Redlich-Peterson
( l / g ) 0 . 1 2 7 8 0.1876 0.1992 0.1538 0.2055
ajiiMmgy’P 2 3 . 2 3 0 5 23.1583 23.0170 22.0434 2 3 . 5 2 9 9
P 0.8580 0.8795 0.9025 0.9851 0.9014
Sum o f  Normalized Error 4.3129 4.8816 4.7942 4.3381 4 . 8 3 6 3
Temkin
Bi 0.8720 0.8960 0.8990 0.9025 0.7967
Kj(l/mg) 0.2390 0.2990 0 . 2 4 2 6 0.2761 0 . 2 3 6 4
Sum o f  Normalized Error 4.2605 4.7440 4.3537 4.5371 4 . 3 7 3 8
Dubinin-Radushkevich 
qa ( m g / g ) 1.5501 1.5205 1.5970 1.5480 1.6025
Bd 3.1577E-04 3.8616E-04 4.3783E-04 4.0668E-04 4 .0755E -04
Sum o f  Normalized Error 4.7911 4.9998 4.9788 4 . 9 9 6 2 4.9100
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Table (5.9): Values of Langmuir, Freundlich, Redlich and Peterson, Temkin and Dubinin- 
Radushkevich isotherm parameters for the adsorption of single component system of toluene by 
chitosan found by analysis methods of five error deviation functions.
ERRSQ HYBRID MPSD ARE SAE
Langmuir 
a (mg/g) 31.6243 31.6813 31.4812 31.7286 31.6834
b (1/mg) 0.0012 0.0012 0.0012 0.0012 0.0012
Sum of Normalized Error 0.6751 1.8453 4.5668 4.5922 1.8975
Freundlich 
K  (mg/g) (mg/1)-'/") 0.0406 0.0405 0.0406 0.0406 0.0406
1/n 1.0694 1.0694 1.0693 1.0693 1.0691
Sum of Normalized Error 4.9956 4.9987 4.9975 4.9999 4.9965
Redlich-Peterson 
Kr (l/g) 0.1342 0.1305 0.1377 0.1203 0.1254
aR(l/mg)'/^ 39.0137 37.8547 33.4182 35.7066 36.7643
P 0.9383 0.9401 1.0174 1.0020 1.0033
Sum of Normalized Error 4.3929 4.3946 4.8243 4.4890 4.5050
Temkin
1.4132 1.8042 1.4281 1.3084 1.4283
lfr(l/mg) 0.2182 0.2796 0.3773 0.4417 0.2085
Sum of Normalized Error 2.5156 4.5853 3.8143 4.1938 2.6589
Dubinin-Radushkevich 
qa (mg/g) 2.9920 2.5684 2.9705 2.4818 2.6165
Bd 0.0005 0.0006 0.0005 0.0006 0.0006
Sum of Normalized Error 4.4715 4.9749 4.5567 4.9902 4.9998
Since the values of the coefficient of determination, R ,^ is calculated from the square of the 
difference between experimental and predicted data points, it normally gives higher weighting to 
the higher equilibrium concentration range; Cg values. Thus, it generally provide reasonable fit 
correlation to the high values of Q  (Wong et ah, 2004). The ERRSQ error function gives the lowest 
values, irrespective of the isotherm model chosen, and more reliable in predicting better fit of the 
equilibrium data points compared to the other error functions. Similar results have been also 
observed by Rivas et al. for the adsorption of landfill leachates onto activated carbon (Rivas et al., 
2006) for the isotherm models studied. Clearly, Langmuir model best fit the experimental data 
points.
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5.3.2 3 Factors Affecting Toluene Sorption by Chitin and Chitosan
An analysis of relevant toluene adsorption parameters such as the initial concentration, the 
adsorbent dose and the contact time is necessary for the purpose of understanding the removal and 
kinetic mechanisms involved and hence optimize the conditions for toluene removal.
5.3.2.3.1 Initial Toluene Concentration
The effects of initial concentration on the removal of toluene by the two adsorbents are presented 
in Figure (5.8a). From this figure, it may be observed that the amount of toluene removed per unit 
mass of adsorbent increased with increasing Q , since the resistance to the toluene uptake from the 
aqueous solutions reduces with increasing the toluene concentration. The uptake of toluene also 
increases with increasing Q ; due to the increase in the mass transfer driving force, until it reaches 
equilibrium at 100 mg/1 for chitin and 150 mg/1 for chitosan. The maximum removal percentage 
was obtained when the initial concentration was 50 mg/1 for the adsorption of toluene by the two 
adsorbents. Adsorption capacity in the range of 22-53% was observed when chitin material was 
used for toluene adsorption, while a higher percentage removal in the range of 33-58% was 
obtained when chitosan was used.
5.3.2.3.2 Adsorbent Dose
The effect of adsorbent dose, M, on the removal of toluene is illustrated in Figure (5.8b) as a 
function of the toluene residual concentration. The decrease in final concentration of toluene means 
the increase in adsorption capacities of chitin or chitosan. The residual concentration of toluene 
decreased as the adsorbent dose increased. A sharp increase in the removal of toluene was observed 
at adsorbent dose M < 10 mg/ml. A tM > 10 mg/ml, the incremental toluene removal was very low, 
due to the equilibrium that existed between the toluene concentration on the solid phase and in the 
bulk solution. The maximum removal of toluene on chitin and chitosan was found at adsorbent dose 
of 27 and 15 mg/ml, respectively.
5.3.2.3.3 Contact Time
The effect of contact time on the removal of toluene by chitin and chitosan is shown in Figure 
(5.8c). Results showed that the removal of toluene increase with time, with more than 90% of the 
total removal being achieved within 8 hr. It is also apparent from Fig. 2c that the adsorption of 
toluene by chitin and chitosan was fast during the first 8 hr as illustrated by the steep slope.
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Figure (5.8): Adsorption o f toluene on chitin and chitosan as a function o f (a) Initial adsorbate 
concentration (b) adsorbent dosage and (c) contact time.
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E q u i l i b r i u m  a n d  h e n c e  m a x i m u m  a d s o r p t i o n  c a p a c i t y  w a s  r e a c h e d  a f t e r  a  p e r i o d  o f  a b o u t  8  a n d  1 0  
h r s  f o r  c h i t i n  a n d  c h i t o s a n ,  r e s p e c t i v e l y .  T h i s  c a n  b e  d u e  t o  t h e  a v a i l a b i l i t y  o f  u n s a t u r a t e d  s i t e s  o n  
t h e  a d s o r b e n t  s u r f a c e  d u r i n g  t h e  f i r s t  8  h r s ,  w h i c h  i s  f o l l o w e d  b y  s a t u r a t i o n  b y  t h e  t o l u e n e  
m o l e c u l e s .  T h e r e a f t e r ,  r e p u l s i v e  f o r c e s  b e t w e e n  t h e  m o l e c u l e s  i n  t h e  b u l k  p h a s e  a n d  s o l i d  p h a s e  
o c c u r ;  i m p l y i n g  e q u i l i b r i u m  h a s  b e e n  r e a c h e d .
5.3.2.4 K inetic Studies
T h e  k i n e t i c s  o f  t o l u e n e  a d s o r p t i o n  i n t o  c h i t i n  a n d  c h i t o s a n  w e r e  i n v e s t i g a t e d  u s i n g  f o u r  k i n e t i c  
m o d e l s .
Pseudo-First Order Rate M odel
T h e  v a l u e s  o f  p s e u d o - f i r s t  o r d e r  r a t e  c o n s t a n t ,  K^, f o r  t o l u e n e  a d s o r p t i o n  o n  c h i t i n  a n d  c h i t o s a n  
w e r e  d e t e r m i n e d  f r o m  t h e  l i n e a r  p l o t  o f  ln[Xg/ ( % g  —  % ) ]  v e r s u s  t  ( n o t  s h o w n ) .  T h e  o b s e r v a t i o n s  
o f  t h e  Kf  v a l u e s  ( 0 . 4 3 3 3  h r ’ * f o r  c h i t i n  a n d  0 . 6 1 2 8  h r ’ * f o r  c h i t o s a n ) ,  w h i c h  a r e  p r e s e n t e d  i n  T a b l e
( 5 . 1 0 ) ,  i n d i c a t e  t h a t  t h e  c h i t o s a n  a d s o r p t i o n  r a t e  i s  2 0 %  f a s t e r  t h a n  t h a t  o f  c h i t i n .
T a b l e  ( 5 . 1 0 ) :  P a r a m e t e r s  o f  k i n e t i c  m o d e l s  f o r  t h e  a d s o r p t i o n  o f  t o l u e n e  b y  c h i t i n  a n d  c h i t o s a n  
( t e m p e r a t u r e  =  2 2  ±  1 ° C ,  i n i t i a l  c o n c e n t r a t i o n  o f  t o l u e n e  = 5 0  m g / l ,  a d s o r b e n t  d o s a g e  =  1 5  g / 1 ) .
Pseudo-first order A }  ( h r * ) (linear) (non-linear)
Adsorbent
Chitin
Chitosan
Pseudo-second order
0 . 4 3 3 3  0 . 7 6 3 5  0 . 9 8 9 1
0 . 6 1 2 8  0 . 9 3 5 3  0 . 9 8 2 3
h (mg/(g.hr)) ifs(g/(mg.hr)) %e(mg) R^  (linear) R^  (non-linear)
Adsorbent
Chitin
Chitosan
Bangham
1 . 4 4 3 6  1 . 5 4 1 1
2 . 1 5 9 4  1 . 6 6 2 0
k o  ( g )
0 . 9 6 7 9  0 . 9 9 9 3  0 . 9 9 9 9
1 . 1 3 9 9  0 . 9 9 9 1  0 . 9 9 9 3
a R^  (linear) R^  (non-linear)
Adsorbent
Chitin
Chitosan
Intra-particle diffusion
0.0012
0 . 0 0 1 5
kid (mg/(g.hr'/^))
0 . 1 6 1 6  0 . 9 9 0 7  0 . 9 6 2 6
0 . 1 8 2 8  0 . 9 3 0 8  0 . 9 9 1 8
/  (mg/g) R^  (linear) R^  (non-linear)
Adsorbent
Chitin
Chitosan
0 . 1 6 0 6
0 . 1 8 6 2
1 . 3 0 8 3
1 . 5 9 3 1
0 . 9 6 7 0
0 . 8 6 2 3
0 . 9 8 9 3
0 . 9 7 9 2
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Pseudo-Second Order Rate Model
The plot of t /X  against t is presented in Figure (5.9). The adsorption capacity, X^, is obtained from 
the slope of the line and the initial adsorption rate, h and K^, is obtained from the intercept. The 
correlation coefficients, R^, that are presented in Table (5.10) are closer to unity for pseudo-second 
order rate equation than that for the pseudo-first order rate equation, and hence the pseudo-second 
order rate model provides an accurate description for the adsorption kinetic of toluene by both chitin 
and chitosan. The values of and h are calculated from the plot. Figure (5.9), and are shown in 
Table (5.10). It can be observed that the initial sorption rate, h, value for the adsorption of toluene 
on chitosan is higher than chitin.
g
18 ♦  Chitin
16
■ Chitosan
14
12
10
8
6
4
2
0
6 8 10 12 140 2 4
Time (hr)
Figure (5.9): Pseudo-second-order rate model for the removal of toluene by chitin and chitosan 
(temperature = 22 ± 1 °C, initial concentration of toluene =50 mg/l, adsorbent dosage = 15 g/1).
Bangham’s Equation
The applicability of this model is tested to demonstrate whether it can simulate toluene adsorption 
by chitin and chitosan. The linearity of the double logarithmic plot of equation (3.34), indicates that 
the diffusion of toluene into the pores is a controlling step in the adsorption process. Values of the 
constants, /cq and a, are shown in Table (5.10).
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Figure (5.10): Bangham model for the removal of toluene by chitin and chitosan (temperature = 
22 ± 1 °C, initial concentration of toluene =50 mg/l, adsorbent dosage = 15 g/1).
Intra-Particle Diffusion Model
A plot of X /M  against gives a straight line (not shown) which means that the intra-particle 
diffusion is an appropriate model to describe the adsorption mechanism. The values of the intercept 
/ are given in Table (5.10), and represent the thickness of the boundary layer. Elevated intercept 
values indicate significant effects of the boundary layer. The straight lines obtained did not pass 
through the origin indicating that the pore diffusion is not the only rate-controlling step in the 
removal of toluene, especially in the initial stages of the adsorption process. This is particularly true 
for toluene adsorption by chitosan for which the intercept values are higher and the linearity 
coefficients are lower than those by chitin.
5.3.3 Removal of Ethylbenzene from Aqueous Solutions by Chitin and Chitosan
5.3.3.1 Adsorption Isotherms
In this work, the experimental data of ethylbenzene adsorption were fitted to Langmuir, Freundlich, 
Redlich-Peterson, Temkin, and Dubnin-Radushkevich isotherm equations. The linearized plot of 
the Langmuir, Freundlich and Redlich-Peterson equations for the adsorption of ethylbenzene onto 
chitin and chitosan are shown in Figure (5.11). Table (5.11) shows the optimal parameters for each 
fitted isotherm model and the values of the correlation coefficients, R .^ The values of R  ^ for the 
non-linear fit are higher than that for the linear fit of the experimental data. The non-linear Revalues 
are determined based on the deviation between the experimental data and the data predicted 
theoretically.
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Figure (5.11): Isotherm models of ethylbenzene sorption by chitin and chitosan; (a) Langmuir (b) 
Freundlich (c) Redlich-Peterson isotherm models prediction (room temperature = 22 ± 1 °C;
adsorbent dosage = 15 g/1).
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Table (5.11): Parameters of isotherm models for the adsorption of ethylbenzene by chitin and 
chitosan.
Langmuir isotherm a (mg/g) b (1/mg) Rl R^  (linear) R^  (non-linear)
Adsorbent
Chitin 20.1207 0.0023 0.8965 0.9908 0.9920
Chitosan 31.3480 0.0029 0.8745 0.9949 0.9963
Freundlich isotherm K  (mg/g) (mg/l)-'/") 1/n R^  (linear) R^  (non-linear)
Adsorbent
Chitin 0.0576 1.0557 0.9425 0.9866
Chitosan 0.1254 1.2095 0.9493 0.9953
Redlich-Peterson isotherm /fR (l/g) a^/I/mg)'/^ R^  (linear) R^  (non-linear)
Adsorbent
Chitin 0.9411 19.5036 0.9411 0.9916 0.9980
Chitosan 0.9885 41.3015 0.9885 0.9997 0.9999
Temkin isotherm Kr(}/mg) R^  (linear) R^  (non-linear)
Adsorbent
Chitin 1.1864 0.2424 0.9466 0.9910
Chitosan 1.2658 0.3556 0.9485 0.9936
Dubinin-Radushkevich isotherm Qd (mg/g) E(kJ/g) R^  (linear) R^  (non-linear)
Adsorbent
Chitin 2.5075 42.2368 0.6556 0.9380
Chitosan 2.0033 73.5645 0.7101 0.9426
Among the different isotherms analysed, the best results that allowed for two parameters calculation 
is the Langmuir model, which achieved the best fit. However, the best values of model parameters 
were that obtained for the three parameter models, i.e. Redlich Peterson model, which gave the 
highest values of R^. In Figure (5.11), it was found that the Langmuir isotherm model can describe 
the experimental data better than the Freundlich isotherm model. Contrary to this result, 
Sharmasarkar et al. (2000) found that the adsorption of ethylbenzene by TMPA, Adam and 
HDTMA organo-clay materials followed Freundlich model (Sharmasarkar et al., 2000). The 
calculated values of Ri for an initial concentration of ethylbenzene of 50 mg/l are given in Table
(5.11). The values of Ri lie between 0 and 1 for ethylbenzene adsorption by chitin and chitosan, 
which confirms that the adsorption process is favourable (Mall et al., 2005).
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For the Redlich-Peterson model, a minimisation procedure was used to determine the values of the 
model parameters; Kj ,^ and P, by maximising the coefficient of determination, R^, between the 
predicted values of X/M and the experimental values and by using the solver function in MS Excel; 
add-in function. The Redlich-Peterson equation gives extremely higher values of R  ^than the other 
isotherm models; hence the Redlich-Peterson isotherm best fit the data for ethylbenzene adsorption 
for both chitin and chitosan. Analysis of the adsorption data shows that the Temkin isotherm 
provides a satisfactory fit to ethylbenzene adsorption onto chitin and chitosan across the range of 
concentrations studied. However, the linear plot of Dubinin-Radushkevich isotherm for 
ethylbenzene adsorption by chitin and chitosan (not shown) resulted in poor data correlation and 
parameter values; see Table (5.11).
S.3.3.2 Error Analysis o f Isotherm Models
By reviewing the error analysis methods detailed earlier in the theoretical chapter for the nonlinear 
optimization techniques of error criteria, the parameter set corresponding to best fit for the isotherm 
models have been determined. Then, in order to compare the isotherm models and evaluate the best 
fit of the isotherm model to the equilibrium data points, the error functions are defined and isotherm 
parameter sets are determined; Table (5.12), Table (5.13) and appendix (A). In the context of the 
present experimental work, five error methods were tested and the error values were found by 
minimization procedure to reduce the error values across the range of liquid phase concentrations 
and calculate the isotherm parameters using add-in solver in Microsoft Excel spreadsheet. Since the 
results yield different isotherm parameter sets, an overall optimum parameter values is difficult to 
determine. The error values were normalized and the sum of normalized errors were found.
The isotherm parameters and the final sum of the normalized errors for ethylbenzene adsorption by 
chitin and chitosan are outlined in Table (5.12) and Table (5.13), respectively, and presented in full 
in appendix (A). In the case of non-linearized regression observations, Langmuir isotherm model 
provided the lowest error values and hence a reasonable description and analysis of the 
experimental data, as shown in appendix (A). The values of Langmuir constants; a and b, presented 
in Table (5.12) and Table (5.13) are the optimum isotherm parameter sets for chitin and chitosan. 
Purely by comparing the error analysis methods, the HYBRID method provides the lowest values 
of the sum of normalized error, irrespective of the isotherm model chosen, and hence best estimation 
of the parameter set for the isotherm models. Similar to benzene and toluene results, it was found 
that the Freundlich isotherm exhibits a tendency to produce almost a higher error values than 
Langmuir isotherm. Although, high correlation coefficients, R ,^ of linearized analysis were 
obtained for Langmuir and Redlich-Peterson models, with higher correlation coefficient of 
Redlich-Peterson model compared to the Langmuir model. This suggests that the chitin and
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chitosan have a considerable affinity for ethylbenzene with an apparent monolayer saturation 
mechanism being achieved. Overall, the approach of determining the model constants for 
ethylbenzene adsorption by chitin and chitosan by linearization of isotherm equations appears to be 
in agreement with the nonlinear regression analysis across the concentration range examined.
Table (5.12): Values of Langmuir, Freundlich, Redlich and Peterson, Temkin and Dubinin- 
Radushkevich isotherm parameters for the adsorption of single component system of ethylbenzene 
by chitin found by analysis methods of five error deviation functions.
ERRSQ HYBRID MPSD ARE SAE
Langmuir 
a (mg/g) 20.2535 20.0953 20.5905 20.0752 29.4334
b (1/mg) 0.0023 0.0023 0.0022 0.0023 0.0015
Sum of Normalized Error 0.8137 0.5151 0.5853 0.5168 5.0000
Freundlich 
K  (mg/g) (mg/l)-'/") 0.0560 0.0580 0.0586 0.0586 0.0576
1/n 1.0607 1.0532 1.0531 1.0502 1.0556
Sum of Normalized Error 4.2903 1.7271 3.2953 1.7299 1.8632
Redlich-Peterson
/^R(l/g) 0.9264 1.1079 1.0588 1.0595 0.9345
au(Fmg)'/^ 22.8022 19.1558 24.2752 22.2917 19.6362
P 0.9345 0.9321 0.9322 0.9371 0.9374
Sum of Normalized Error 4.9977 4.8785 4.9793 4.9554 4.9556
Temkin
fix 1.1864 0.8817 0.4062 0.2904 1.1807
Kril/mg) 0.2424 0.3155 0.4442 0.5541 0.2415
Sum of Normalized Error 2.7468 2.1494 3.2374 3.8254 2.7811
Dubinin-Radushkevich 
qa (mg/g) 2.1157 2.8160 2.9758 2.2581 2.2124
Bd 0.1126 0.0925 0.1541 0.1589 0.1512
Sum of Normalized Error 3.8815 3.3137 3.7558 4.9706 4.9992
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Table (5.13): V a l u e s  o f  L a n g m u i r ,  F r e u n d l i c h ,  R e d l i c h  a n d  P e t e r s o n ,  T e m k i n  a n d  D u b i n i n -  
R a d u s h k e v i c h  i s o t h e r m  p a r a m e t e r s  f o r  t h e  a d s o r p t i o n  o f  s i n g l e  c o m p o n e n t  s y s t e m  o f  e t h y l b e n z e n e  
b y  c h i t o s a n  f o u n d  b y  a n a l y s i s  m e t h o d s  o f  f i v e  e r r o r  d e v i a t i o n  f u n c t i o n s .
ERRSQ HYBRID M PSD ARE SAE
Langmuir 
a (mg/g) 31.3225 31.4394 32.1123 3 1 . 3 4 2 2 31.3213
b (1/mg) 0.0029 0.0029 0.0028 0.0029 0.0029
Sum o f  Normalized Error 2.6030 2.2220 4.7072 2 . 2 5 3 9 4.2463
Freundlich 
K (mg/g) (mg/l)-'/") 0.1252 0.1250 0.1243 0.1251 0.1251
lln 1.2798 1.2402 1.2117 1.2100 1.2100
Sum ofN orm alized Error 3.6636 2.5101 3 . 9 5 5 8 3.9640 3 . 9 6 4 9
Redlich-Peterson
( l / g ) 0 . 9 8 5 0 0.9865 1.0067 0.9843 0.9843
aR(l/mg)'/^ 4 1 . 9 9 9 6 41.9890 42.3815 41.4853 41.4808
P 0.9896 0.9880 0.9885 0.9883 0 . 9 8 8 3
Sum ofN orm alized Error 4.9831 4.9790 5.0000 4.9981 4.9983
Temkin
Bi 1 . 2 6 5 8 1.0105 1.6054 1.3684 1.2252
KriVmg) 0 . 3 5 5 6 0.4583 0.5974 0.7769 0.3474
Sum ofN orm alized Error 1.4936 1.2555 4 . 6 6 2 5 4.5599 1.5486
Dubinin-Radushkevich
(mg/g) 2.6138 3.4311 3.0098 3.1498 2.7384
Bd 8.4059E-05 8.3232E-05 8.254 lE -05 9.2708E-05 9.4602E-05
Sum ofN orm alized Error 4.0023 3.6849 4.3200 4.2529 4.9667
5.3.3.3 Factors Affecting Adsorption of Ethylbenzene by Chitin and Chitosan
In this work, the influence of initial ethylbenzene concentration, adsorbent dose and contact time 
on the adsorption of ethylbenzene were investigated with a view to develop an understanding of the 
removal mechanisms involved and hence optimise the adsorption performance of chitin and 
chitosan for ethylbenzene removal.
5.3.3.3.1 Effects o f Initial Ethylbenzene Concentration
The effect of ethylbenzene initial concentration, Co, on the extent of ethylbenzene adsorption by 
chitin and chitosan at a constant adsorbent dose of 0.5 g, is shown in Figure (5.12a). Increasing the 
initial concentration of ethylbenzene from 5 to 200 mg/l, steadily increases the amount of 
ethylbenzene removed per unit mass of adsorbent until it reaches equilibrium at 150 mg/l for both 
chitin and chitosan.
1 1 8
Kinetic and Removal Mechanisms of BTEX Compounds from Aqueous Solutions by Chitin, Chitosan and Enhanced Chitosan
I
t3
0)
0Si
LB
5
4
3
2
1
0
50 100 150 2500 200
Initial Ethylbenzene Concentation (mg/l)
60
50 I
30
CO o
10 20 
Adsorbent Concentration (mg/ml)
30
O)
&
t3
0
--- Chitin 
— Chitosan
10 15
Time (hr)
20 25 30
Figure (5.12): The effects of (a) Initial adsorbate concentration (b) adsorbent dosage and (c) 
contact time, on the adsorption of ethylbenzene onto chitin and chitosan.
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The driving forces necessary to overcome the resistances to mass transfer of ethylbenzene from the 
bulk solution to the solid surface increase with increasing the initial concentration of ethylbenzene. 
Additionally, an increase in initial concentration will also enhance the interaction between the 
ethylbenzene molecules and the adsorbents, and hence will increase the adsorption uptake. Chitosan 
showed higher removal efficiency than chitin, since it has greater number of amine and hydroxyl 
groups which act as active sites for binding ethylbenzene molecules. A maximum removal 
efficiency of 65% was obtained by using chitosan at initial ethylbenzene concentration of 50 mg/l 
and adsorbent dose of 0.5 g.
5.3.3.3.2 Effects o f Initial Adsorbent Concentration
The effect of adsorbent dose, M, on the removal of ethylbenzene by chitin and chitosan is shown in 
Figure (5.12b). In this figure, it can be observed that the final concentration of ethylbenzene 
decreased with the increase in the adsorbent dose from 3 mg/ml to 27 mg/ml. The decrease in the 
final concentration of ethylbenzene indicates an increase in its uptake from the solution, which can 
be attributed to the availability of greater surface area and hence more adsorption sites. Optimum 
chitin and chitosan dosages were found to be about 9 mg of adsorbent per ml of ethylbenzene 
solution.
5.3.3.3.3 Effects o f Contact Time
The effect of contact time on the adsorption of ethylbenzene by chitin and chitosan is illustrated in 
Figure (5.12c). The results show that the uptake of ethylbenzene is fast during the initial adsorption 
stage up to 2 hrs, after which it significantly slows down until it reaches an equilibrium stage after 
about 6 hrs. During the initial adsorption stage, the uptake of ethylbenzene is fast due to the 
availability of a large number of vacant sites on the surface of the solid phase for attachment. After 
a lapse of time, the remaining vacant sites become more difficult to be occupied due to the repulsive 
forces that exist between the ethylbenzene molecules on the surface and in the bulk solution. 
Eventually, the adsorption process becomes negligible and equilibrium is reached.
More than 93% of the total removal of ethylbenzene is achieved during the initial 8 hrs of the 
adsorption indicating that equilibrium is almost reached. It was observed that there was no 
significant change in ethylbenzene uptake after about 12 hrs. However, the aqueous solutions of 
ethylbenzene were kept in contact with the adsorbents for 24 h for all experiments to ensure 
equilibrium.
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S.3.3.4 Adsorption Kinetics
The experimental data were fitted to the four kinetic models to describe the adsorption kinetics of 
ethylbenzene onto chitin and chitosan; the pseudo-first order and pseudo-second order rate 
equations, the Bangham’s equation and the intra-particle diffusion equation.
The linearized plot of the pseudo-second order rate model, the Bangham’s model and the intra­
particle diffusion model for the adsorption of ethylbenzene are shown in Figure (5.13). The optimal 
parameters for each kinetic model and the values of the correlation coefficients, R^, are presented 
in Table (5.14).
The linear plots of the pseudo-second order rate model were found to exhibit better correlation 
coefficients compared to the pseudo-first order rate model, indicating that the pseudo-second order 
rate equation is best to describe the adsorption of ethylbenzene by chitin and chitosan. Among the 
kinetic models, the pseudo-second order rate model gives the highest correlation coefficients, R^, 
Higher values of pseudo-first order rate constant, Kf, for chitosan (0.48 hr’* for chitin and 0.76 hr’* 
for chitosan) indicate that chitosan has a higher affinity for ethylbenzene. The values of the 
correlation coefficients, R^, are close to unity for the double logarithmic plot of the Bangham’s 
equation, Figure (5.13b), indicating that the diffusion of ethylbenzene into the pores is a controlling 
step in the adsorption process.
From Figure (5.13c), it is evident that the intra-particle diffusion is an appropriate model to describe 
the adsorption mechanism, since a straight line is obtained for the plot of X/M versus Since 
the plots did not pass through the origin, it suggests that the removal rate of ethylbenzene is not 
only controlled by pore diffusion. The thickness of the boundary layer is determined by the values 
of the intercept 1 (see Table 5.13), as higher values of I indicate greater effects of the boundary 
layer.
121
Kinetic and Removal Mechanisms of BTEX Compounds from Aqueous Solutions by Chitin, Chitosan and Enhanced Chitosan
Time (hr)
4
♦  Chitin
■ Chitoson3
2
1
0
3
ti/2(hri/2)
Figure (5.13): (a) Pseudo-second-order rate equation, (b) Bangham’s equation and (c) intra­
particle diffusion equation, for the removal of ethylbenzene by chitin and chitosan (temperature 
22 ± 1 °C, initial concentration of ethylbenzene =50 mg/l, adsorbent dosage = 15 g/1).
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Table (5.14): P a r a m e t e r s  o f  a d s o r p t i o n  k i n e t i c s  f o r  t h e  r e m o v a l  o f  e t h y l b e n z e n e  b y  c h i t i n  a n d  
c h i t o s a n .
Pseudo-first order ( h r - 1 ) (linear) R^  (non-linear)
Adsorbent
Chitin 0.4782 0.7050 0.9746
Chitosan 0.7598 0.9356 0.9749
Pseudo-second order h (mg/(g.hr)) K ^ ( g / ( m g . h r ) ) ^e(mg) (linear) R^  (non-linear)
Adsorbent
Chitin 1.6614 1.6021 1.0183 0 . 9 9 8 3 1.0000
Chitosan 1.9755 1.4002 1.1878 0 . 9 9 9 2 1.0000
Bangham ko (g) a R^  (linear) R^  (non-linear)
Adsorbent
Chitin 0.0017 0.1630 0.9910 0.9975
Chitosan 0.0014 0.1343 0.9719 0 . 9 9 3 7
Intra-particle diffusion kid ( m g / ( g . h r  ' / ^ ) ) / (mg/g) R^  (linear) R^  (non-linear)
Adsorbent
Chitin 0.1731 1.6918 0.9927 0.9977
Chitosan 0.1409 1.4678 0.9946 0 . 9 9 8 7
5.3.4 Removal o f Xylene from Aqueous Solutions by Chitin and Chitosan
Correlating the equilibrium data by isotherm equations is an essential technique for the practical 
design of an adsorption system. In the present work, the five most common types of isotherms; 
namely, the Langmuir, Freundlich, Redlich-Peterson, Temkin and Dubinin-Radushkevich were 
tested for describing the adsorption of a selected volatile organic compound, m-xylene, from 
contaminated solutions. Studies on the isotherm models have been performed for a single 
component system with chitin and chitosan as adsorbents. It is essential to evaluate the most 
appropriate correlations for the equilibrium curves, in order to optimise the adsorption process of 
m-xylene in the liquid phase system. The constants of each isotherm model were obtained from the 
linearized plots of equilibrium data. The analyses of isotherm models based on the values of 
correlation coefficients, the values of errors and sum of normalized errors are discussed in the 
following sections.
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5.3.4.1 E quilibrium  Isotherm s
The Langmuir isotherm model is based on the assumptions that the thickness of the adsorption layer 
is only one molecule and homogeneous sites. The equilibrium data for single component system 
were analysed according to the linearized Langmuir equation. The plot of Langmuir isotherm model 
is presented in Figure (5.14). The values of the correlation coefficient, R ,^ were found to be high 
with the linear plot of the whole range of concentrations studied; Table (5.15). The values of the 
optimal isotherm constants a and b for each fitted isotherm and the values of the correlation 
coefficients, R^, are shown in Table (5.15). The values of for an initial concentration of m- 
xylene of 50 mg/l were determined and shown in Table (5.15). The values of lie between 0 and 
1 for m-xylene removal fi’om aqueous solutions by chitin and chitosan, which confirms that the 
adsorption process is favourable (Mall et al., 2005). The non-linear coefficients R^  are found to be 
greater than that for the linear fit of the experimental data. According to Figure (5.14) and Table 
(5.15), the Langmuir isotherm provided a well reasonable description that allowed for two 
parameters calculation for the adsorption of m-xylene from solution and this was confirmed by the 
fact that the correlation coefficient for the experimental data are higher than 0.950. The Langmuir 
isotherm model better fit the experimental data than the Freundlich isotherm model as shown in 
Figure (5.14). Similarly to this result, Jaynes and Vance found that the adsorption of xylene by by 
hectorite clays exchanged with aromatic organic cations followed Langmuir model (Jaynes and 
Vance, 1999). In contrast to this result, Sharmasarkar et al. (2000) found that the xylene adsorption 
by TMPA, Adam and HDTMA organo-clay materials followed the Freundlich isotherm 
(Sharmasarkar et al., 2000).
The Redlich-Peterson model which contain three parameters with an equation in a form similar to 
the power equation of Freundlich model and the ratio equation of Langmuir model, were found to 
best fit the equilibrium data that gave the highest values of correlation coefficients; R^. The three 
parameters of Redlich-Peterson isotherm model; Kj ,^ and P, were determined by minimisation 
procedure for the error between the calculated values of X/M and the experimental values and thus 
maximising the coefficient of determination, R^, by using the solver add-in function in Microsoft 
Excel spreadsheet program. The plot of linearized Redlich-Peterson isotherm for the adsorption of 
m-xylene on chitin and chitosan are presented in Figure (5.14). The exponent in Redlich-Peterson 
equation; /?, is approaching 1 which indicate the tendency toward the Langmuir equation.
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Figure (5.14): Isotherm models of adsorption of m-xylene by chitin and chitosan; (a) Langmuir 
(b) Freundlich (c) Redlich-Peterson isotherm models (room temperature = 22 ± 1 °C; adsorbent
dosage = 15 g/1).
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T a b l e  ( 5 . 1 5 ) :  P a r a m e t e r s  o f  i s o t h e r m  m o d e l s  f o r  t h e  a d s o r p t i o n  o f  m - x y l e n e  b y  c h i t i n  a n d  c h i t o s a n .
L angm uir iso th erm a (m g /g ) b (1/mg) R l R^ (linear) R^ (non -lin ear)
A d sorbent
C hitin 2 1 .8 4 3 6 0 .0 0 5 9 0 .7 7 2 1 0 .9 5 6 0 0 .9 6 0 0
C hitosan 3 1 .3 4 8 0 0 . 0 0 3 0 0 . 8 6 9 0 0 .9 7 3 0 0 . 9 8 0 0
F reundlich  isotherm K (m g /g )  (m g/I)-'/") 1 / n R^ (linear) R^ (non -lin ear)
A d sorbent
C hitin 0 .1 5 7 9 1 .0 7 4 5 8 0 .9 1 2 2
C hitosan 0 .1 2 7 1 1 .0 8 5 4 3 0 . 8 8 5 6
R ed lic h -P e te r so n  isotherm / f R  ( l / g ) a R ( l / m g ) ' / ^ R^ (linear) R^ (non -lin ear)
A dsorbent
C hitin 0 .1 3 7 8 3 8 . 8 5 7 1 0 .9 7 5 0 0 .9 9 9 6 0 .9 9 9 9
C hitosan 0 . 1 2 8 0 4 2 .2 3 7 6 0 .9 2 0 0 0 .9 9 7 2 0 .9 9 9 3
T em kin  isotherm Bi K r ( l / m g ) R^ (linear) R^ (n on -lin ear)
A d sorbent
C hitin 1 .1 0 7 0 0 .4 3 4 4 0 .8 9 3 1 0 .9 0 7 6
C hitosan 1 .3 8 7 4 0 . 3 7 2 1 0 .8 9 5 9 0 .9 0 0 0
D u b in in -R a d u sh k ev ich  isoth erm qa (m g /g ) f (k J /g ) R^ (linear) R^ (n on -lin ear)
A d sorbent
C hitin 2 .5 1 8 8 1 1 3 . 9 8 8 8 0 . 6 2 8 2 0 .7 7 0 5
C hitosan 2 .2 6 5 1 8 1 . 0 3 0 5 0 .6 2 3 5 0 . 8 3 6 3
I n  a d d i t i o n ,  e x a m i n a t i o n  o f  t h e  e q u i l i b r i u m  d a t a  s h o w s  t h a t  t h e  l i n e a r  p l o t  o f  T e m k i n  m o d e l  
p r o v i d e s  a  w e l l  d e s c r i p t i o n  o f  m - x y l e n e  a d s o r p t i o n  o n t o  c h i t i n  a n d  c h i t o s a n  o v e r  t h e  r a n g e  o f  
c o n c e n t r a t i o n s  s t u d i e d ,  w i t h  g r e a t e r  t h a n  0 . 8 9 3 .  T h o u g h ,  t h e  l i n e a r i z a t i o n  f o r m  o f  D u b i n i n -  
R a d u s h k e v i c h  e q u a t i o n  f o r  t h e  a d s o r p t i o n  o f  m - x y l e n e  b y  c h i t i n  a n d  c h i t o s a n  r e s u l t e d  i n  p o o r  d a t a  
p l o t  a n d  c o r r e l a t i o n  c o e f f i c i e n t s  v a l u e s ;  s e e  T a b l e  ( 5 . 1 5 ) .
5.3.4.2 Error Analysis o f Isotherm models
T h e  i s o t h e r m  c o n s t a n t s  t o g e t h e r  w i t h  t h e  s u m  o f  n o r m a l i z e d  e r r o r  v a l u e s  f o r  t h e  m - x y l e n e  
a d s o r p t i o n  f r o m  a q u e o u s  s o l u t i o n s  b y  c h i t i n  a n d  c h i t o s a n  a r e  p r e s e n t e d  i n  T a b l e  ( 5 . 1 6 )  a n d  T a b l e  
( 5 . 1 7 ) .  I t  w a s  c l e a r  f r o m  t h e  t a b l e s  t h a t  t h e  H Y B R I D  m e t h o d  p r o v i d e s  t h e  l o w e s t  s u m  o f  n o r m a l i z e d  
e r r o r  v a l u e s  f o r  t h e  i s o t h e n n  m o d e l s  a n d  a p p e a r s  t o  b e  e f f e c t i v e  i n  t h i s  c a s e ,  r e g a r d l e s s  o f  t h e  
i s o t h e r m  m o d e l  s e l e c t e d .  F o r  t h e  f i v e  i s o t h e r m  m o d e l s  i n v e s t i g a t e d ,  t h e  H Y B R I D  e r r o r  m e t h o d
1 2 6
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a p p e a r e d  t o  b e  m o r e  a p p l i c a b l e  c o m p a r e d  t o  t h e  o t h e r  e r r o r  f u n c t i o n s ;  a p p e n d i x  ( A )  T a b l e  ( 5 . 1 6 )  
a n d  T a b l e  ( 5 . 1 7 ) .  T h i s  e r r o r  f u n c t i o n  w a s  d e v e l o p e d  i n  o r d e r  t o  i m p r o v e  t h e  f i t  o f  e x p e r i m e n t a l  d a t a  
a t  l o w  c o n c e n t r a t i o n  r a n g e s .  I t  p r o v i d e s  b e s t  f i t  a l s o  f o r  m o r e  c o m p l e x  g r o u p i n g  o f  p a r a m e t e r  s e t s  
l i k e  t h e  R e d l i c h - P e t e r s o n ,  T e m k i n ,  a n d  D u b i n i n - R a d u s h k e v i c h  i s o t h e r m s .  M o r e o v e r ,  s i m i l a r  
e t h y l b e n z e n e  t r e n d s  t o  t h a t  o f  m - x y l e n e  w e r e  a p p r o a c h e d  e a r l i e r  i n  p r e v i o u s  s e c t i o n s .
O v e r a l l ,  t h e  n o n l i n e a r  r e g r e s s i o n  r e s u l t s  s u g g e s t e d  t h a t  t h e  L a n g m u i r  i s o t h e r m  m o d e l  p r o v i d e  a  
r e a s o n a b l e  d e s c r i p t i o n  a n d  f i t  o f  t h e  e x p e r i m e n t a l  d a t a ,  a l t h o u g h ,  t h e  l i n e a r  r e g r e s s i o n  a n a l y s i s  
s h o w e d  t h a t  t h e  R e d l i c h - P e t e r s o n  i s o t h e r m  m o d e l  h a d  c o n s i d e r a b l y  t h e  h i g h e s t  R ^  v a l u e s  f o r  b o t h  
a d s o r b e n t s .  A l t e r n a t i v e  L a n g m u i r  i s o t h e r m  p a r a m e t e r s  w e r e  a l s o  f o u n d  b y  n o n l i n e a r  r e g r e s s i o n  a n d  
a r e  p r e s e n t e d  i n  T a b l e  ( 5 . 1 6 )  a n d  T a b l e  ( 5 . 1 7 ) .
Table (5.16): V a l u e s  o f  L a n g m u i r ,  F r e u n d l i c h ,  R e d l i c h  a n d  P e t e r s o n ,  T e m k i n  a n d  D u b i n i n -  
R a d u s h k e v i c h  i s o t h e r m  p a r a m e t e r s  f o r  t h e  a d s o r p t i o n  o f  s i n g l e  c o m p o n e n t  s y s t e m  o f  m - x y l e n e  b y  
c h i t i n  f o u n d  b y  a n a l y s i s  m e t h o d s  o f  f i v e  e r r o r  d e v i a t i o n  f u n c t i o n s .
ERRSQ HYBRID M PSD ARE SAE
Langmuir 
a (mg/g) 21.8326 21.9203 22.2163 22.2775 21.8239
b (1/mg) 0.0059 0.0059 0.0058 0.0057 0.0059
Sum ofN orm alized Error 2 .5 9 5 3 2 . 4 3 8 8 3 . 9 3 3 1 4.5161 2 .6 3 2 1
Freundlich 
K (mg/g) (mg/1)-^^") 0.14128 0.15670 0.16011 0.15941 0.14790
l ln 1.09281 1.07020 1.06493 1.06932 1.08464
Sum ofN orm alized Error 4.49456 2.70715 2.82900 3.11078 3 . 4 6 3 3 9
Redlich-Peterson
( l / g ) 0.1398 0.1377 0.1313 0.1358 0.1353
^«(l/mg)^/^ 38.8571 37.1615 37.5024 37.8726 37.7382
P 0.9750 0.9709 0.9708 0.9701 0.9701
Sum ofN orm alized Error 4.9968 4.9898 5.0000 4.9955 4.9955
Temkin
Bi 1.1070 1.1081 1.4032 1.3156 1.0917
/fr(Fm g) 0.3844 0.4308 0.4055 0.6118 0.6189
Sum ofN orm alized Error 2.8769 2.6374 4.2468 4.8221 2 . 8 5 2 6
Dubinin-Radushkevich  
(Jd (mg/g) 2.4235 2 . 6 7 3 2 2.4994 2.5890 2.5816
Bd 3.1027E-05 3.4199E-05 3.6230E-05 3 . 4 6 8 4 E - 0 5 3.7546E -05
Sum ofN orm alized Error 4.9946 4.3984 4.9297 4.6139 4.7551
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Table (5.17): V a l u e s  o f  L a n g m u i r ,  F r e u n d l i c h ,  R e d l i c h  a n d  P e t e r s o n ,  T e m k i n  a n d  D u b i n i n -  
R a d u s h k e v i c h  i s o t h e r m  p a r a m e t e r s  f o r  t h e  a d s o r p t i o n  o f  s i n g l e  c o m p o n e n t  s y s t e m  o f  m - x y l e n e  b y  
c h i t o s a n  f o u n d  b y  a n a l y s i s  m e t h o d s  o f  f i v e  e r r o r  d e v i a t i o n  f u n c t i o n s .
ERRSQ HYBRID M PSD ARE SAE
Langmuir 
a (mg/g) 31.3916 31.5267 31.8971 31.6216 31.3656
b (1/mg) 0.0030 0.0030 0.0029 0.0030 0.0030
Sum ofN orm alized Error 3.0081 2.9854 4.7658 3.1945 3.0607
Freundlich 
K (mg/g) (m g/l)-‘ "^) 0.12643 0.12567 0.12467 0.12554 0.12678
l l n 0.85520 0.85857 0.85876 0.85696 0.85458
Sum ofN orm alized Error 4.99294 4.59471 4.89510 4.95118 4.99831
Redlich-Peterson
( l / g ) 0.1280 0.1279 0.1320 0.1288 0.1295
«^(l/mg)'/^ 42.2507 42.6401 42.0429 42.6242 42.4815
P 0.9205 0.9178 0.9178 0.9173 0.9173
Sum ofN orm alized Error 4.9250 4.9244 5.0000 4 . 9 3 9 3 4.9535
Temkin
Rl 1.3874 1.3308 1.4539 1.2734 1.4491
KriVmg) 0.3721 0.3710 0.6982 0.9427 0.3829
Sum ofN orm alized Error 2 . 2 2 4 8 2.1886 4.5031 4.8661 2.2797
Dubinin-Radushkevich  
Rd (mg/g) 2.0080 2 . 2 9 2 6 2.9943 2.0001 2.0403
Bd 6.3111E-05 7.3732E-05 2.6230E-10 5 . 3 9 6 9 E - 0 5 6 . 2 8 9 4 E - 0 5
Sum ofN orm alized Error 2.3607 2.2013 4.9508 2.3046 2 . 3 3 3 0
S.3.4.3 Factors Influencing the Removal of m-Xylene by Chitin and Chitosan
I n  t h e  p r e s e n t  s t u d y ,  t h e  e f f e c t s  o f  i n i t i a l  c o n c e n t r a t i o n  o f  m - x y l e n e ,  a d s o r b e n t  d o s e  a n d  c o n t a c t  
t i m e  o n  t h e  r e m o v a l  o f  m - x y l e n e  f r o m  a q u e o u s  s o l u t i o n s  w e r e  s t u d i e d  w i t h  a  v i e w  t o  d e v e l o p  a n  
u n d e r s t a n d i n g  t o  t h e  a d s o r p t i o n  m e c h a n i s m s  a n d  p r o v i d e  t h e  o p t i m u m  c o n d i t i o n s  f o r  t h e  a d s o r p t i o n  
o f  c h i t i n  a n d  c h i t o s a n .
5.3.4.3.1 Effects of Initial Concentration of m-Xylene
T h e  a d s o r p t i o n  c a p a c i t i e s  o f  c h i t i n  a n d  c h i t o s a n  i n c r e a s e  s i g n i f i c a n t l y  b y  i n c r e a s i n g  t h e  i n i t i a l  
c o n c e n t r a t i o n  o f  m - x y l e n e  f r o m  5  t o  2 0 0  m g / l ,  s t e a d i l y ,  u n t i l  i t  r e a c h e d  e q u i l i b r i u m  a t  a r o u n d  1 0 0  
m g / l  f o r  c h i t i n  a n d  c h i t o s a n ;  F i g u r e  ( 5 . 1 5 a ) .  T h e  a d s o r p t i o n s  w e r e  d r a s t i c a l l y  i n c r e a s e d  u n t i l  t h e  
i n i t i a l  c o n c e n t r a t i o n  r e a c h e d  1 0 0  m g / l .  T h i s  c o u l d  b e  e x p l a i n e d  b y  t h e  f a c t  t h a t  t h a t  a t  h i g h  i n i t i a l  
c o n c e n t r a t i o n ,  h i g h e r  d r i v i n g  f o r c e s  w o u l d  b e  n e c e s s a r y  t o  o v e r c o m e  t h e  r e s i s t a n c e s  t o  m a s s  
t r a n s f e r  o f  m - x y l e n e  f r o m  t h e  b u l k  s o l u t i o n  t o  t h e  s o l i d  s u r f a c e .
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Figure (5.15): T h e  e f f e c t s  o f  ( a )  I n i t i a l  m - x y l e n e  c o n c e n t r a t i o n  ( b )  a d s o r b e n t  d o s a g e  a n d  ( c )  c o n t a c t  
t i m e ,  o n  t h e  a d s o r p t i o n  o f  m - x y l e n e  o n t o  c h i t i n  a n d  c h i t o s a n .
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T h e  a d s o r p t i o n  c a p a c i t i e s  w e r e  f o u n d  t o  b e  i n  t h e  o r d e r  c h i t o s a n  >  c h i t i n ,  s i n c e  c h i t o s a n  h a s  m o r e  
a m i n e  a n d  h y d r o x y l  g r o u p s  w h i c h  a c t s  a s  a c t i v e  s i t e s  f o r  b i n d i n g  m - x y l e n e  m o l e c u l e s .  A  m a x i m u m  
r e m o v a l  e f f i c i e n c y  o f  7 3 %  w a s  o b t a i n e d  b y  u s i n g  c h i t o s a n  a t  i n i t i a l  m - x y l e n e  c o n c e n t r a t i o n  o f  5 0  
m g / l  a n d  a d s o r b e n t  d o s e  o f  0 . 5  g .
5.3.4.3.1 Effects o f Initial Adsorbent Concentration
T h e  r e s i d u a l  c o n c e n t r a t i o n  o f  m - x y l e n e  d e c r e a s e d  w i t h  t h e  i n c r e a s e  i n  t h e  a d s o r b e n t  d o s e  u p  t o  a  
c e r t a i n  l i m i t  a n d  t h e n  i t  r e m a i n s  a l m o s t  c o n s t a n t ,  w h e r e  i t  r e a c h e s  e q u i l i b r i u m .  T h e  r a p i d  d e c r e a s e  
i n  t h e  f i n a l  c o n c e n t r a t i o n  o f  m - x y l e n e ,  i n  t h e  i n i t i a l  s t a g e ,  i n d i c a t e s  a n  i n c r e a s e  i n  i t s  u p t a k e  f r o m  
t h e  s o l u t i o n ,  w h i c h  c a n  b e  a t t r i b u t e d  t o  t h e  a v a i l a b i l i t y  o f  g r e a t e r  s u r f a c e  a r e a  a n d  h e n c e  m o r e  
a d s o r p t i o n  s i t e s .  A c c o r d i n g  t o  F i g u r e  ( 5 . 1 5 b ) ,  i t  i s  e v i d e n t  t h a t  t h e  o p t i m u m  c h i t i n  a n d  c h i t o s a n  
d o s a g e s  w e r e  f o u n d  t o  b e  9  m g  o f  a d s o r b e n t  p e r  m l  o f  m - x y l e n e  s o l u t i o n .
5.3.4.3.3 Effects of Contact Time
T h e  a d s o r p t i o n  o f  m - x y l e n e  b y  c h i t i n  a n d  c h i t o s a n  u n d e r  t h e  s t u d i e d  c o n d i t i o n  o c c u r r e d  r a p i d l y  
d u r i n g  t h e  i n i t i a l  a d s o r p t i o n  s t a g e  u p  t o  2  h r ,  a f t e r  w h i c h  i t  c o n s i d e r a b l y  s l o w s  d o w n  u n t i l  i t  a t t a i n s  
e q u i l i b r i u m  s t a g e  a t  a r o u n d  6  h r  F i g u r e  ( 5 . 1 5 c ) .  T h i s  i s  b e c a u s e  o f  t h e  a v a i l a b i l i t y  o f  a  l a r g e  n u m b e r  
o f  v a c a n t  s i t e s  o n  t h e  s u r f a c e  o f  t h e  s o l i d  p h a s e  f o r  a t t a c h m e n t  i n  t h e  i n i t i a l  s t a g e ,  w h i c h  a f t e r  a  
p e r i o d  o f  t i m e ,  d e c r e a s e d  a n d  b e c o m e  m o r e  d i f f i c u l t  t o  b e  o c c u p i e d  a n d  e q u i l i b r i u m  i s  r e a c h e d .  
T h e r e f o r e ,  t h e  o p t i m u m  a g i t a t i o n  p e r i o d  f o r  t h e  a d s o r p t i o n  o f  m - x y l e n e  o n t o  c h i t i n  a n d  c h i t o s a n  i s  
6  h r .  H o w e v e r ,  t h e  a q u e o u s  s o l u t i o n s  o f  m - x y l e n e  w e r e  k e p t  i n  f o r  a g i t a t i o n  p e r i o d  o f  2 4  h r  f o r  a l l  
e x p e r i m e n t s  t o  e n s u r e  e q u i l i b r i u m .
5.3.4.4 Adsorption Kinetics
I n  o r d e r  t o  s t u d y  t h e  a d s o r p t i o n  k i n e t i c s  o f  m - x y l e n e  o n t o  c h i t i n  a n d  c h i t o s a n ,  t h e  e x p e r i m e n t a l  d a t a  
w e r e  f i t t e d  t o  t h e  f o u r  k i n e t i c  m o d e l s ;  t h e  p s e u d o - f i r s t  o r d e r  a n d  p s e u d o - s e c o n d  o r d e r  r a t e  
e q u a t i o n s ,  t h e  B a n g h a m ’ s  e q u a t i o n  a n d  t h e  i n t r a - p a r t i c l e  d i f f u s i o n  e q u a t i o n .  T h e  p a r a m e t e r s  a n d  
t h e  v a l u e s  o f  t h e  c o r r e l a t i o n  c o e f f i c i e n t s , R ^ ,  f o u n d  f o r  e a c h  k i n e t i c  m o d e l  f o r  t h e  a d s o r p t i o n  o f  m -  
x y l e n e  b y  c h i t i n  a n d  c h i t o s a n  a r e  s h o w n  i n  T a b l e  ( 5 . 1 8 ) .
H i g h e r  v a l u e s  o f  p s e u d o - f i r s t  o r d e r  r a t e  c o n s t a n t ,  Kf,  f o r  c h i t o s a n  t h a n  c h i t i n ;  0 . 8 5  h r ’ f o r  c h i t o s a n  
a n d  0 . 4 9  h r ’ f o r  c h i t i n ,  i n d i c a t i n g  t h e  h i g h  a f f i n i t y  o f  c h i t o s a n  t o w a r d s  t h e  m - x y l e n e .  F i g u r e  ( 5 . 1 6 a )  
s h o w s  t h e  p l o t  o f  t / X  v e r s u s  t.  T h e  c o r r e l a t i o n  c o e f f i c i e n t s  a r e  f o u n d  t o  b e  h i g h  a n d  c l o s e r  t o  u n i t y  
f o r  p s e u d o  s e c o n d  o r d e r  r a t e  m o d e l  c o m p a r e d  t o  t h a t  f o r  t h e  p s e u d o  f i r s t  o r d e r  r a t e  m o d e l .  
T h e r e f o r e ,  t h e  a d s o r p t i o n  c a n  b e  d e s c r i b e d  m o r e  a p p r o p r i a t e l y  b y  t h e  p s e u d o  s e c o n d  o r d e r  r a t e  
e q u a t i o n .
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Figure (5.16): ( a )  P s e u d o - s e c o n d - o r d e r  r a t e  e q u a t i o n ,  ( b )  B a n g h a m ’ s  e q u a t i o n  a n d  ( c )  i n t r a ­
p a r t i c l e  d i f f u s i o n  e q u a t i o n ,  f o r  t h e  r e m o v a l  o f  m - x y l e n e  b y  c h i t i n  a n d  c h i t o s a n  ( t e m p e r a t u r e  = 
2 2  ±  1 ° C ,  i n i t i a l  c o n c e n t r a t i o n  o f  m - x y l e n e  =  5 0  m g / 1 ,  a d s o r b e n t  d o s a g e  =  1 5  g / 1 ) .
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As can be seen from the double logarithmic plot o f the Bangham’s equation. Figure (5.16b), and 
from Table (5.18) the values o f correlation coefficients, R ,^ are close to 1, indicating that the 
diffusion o f  m-xylene into the pores is a controlling step in the adsorption process. From Figure 
(5.16b), it is evident that this model is an appropriate model to describe the adsorption mechanism, 
since a straight line is obtained for the plot o f  X/M versus Since the plots o f the intra-particle 
diffusion model did not pass through the origin, it suggests that the removal rate o f m-xylene is not 
only controlled by pore diffusion, with the thickness o f  the boundary layer determined from the 
intercept values; see Table (5.18). Among the kinetic models, the pseudo-second order rate model 
gives the highest correlation coefficients, R .^ The and h values as determined from the plots o f  
Figure (5.16a) are listed in Table (5.18). It can be seen that the h value for adsorption on chitosan 
is the highest.
Table (5.18): Parameters o f adsorption kinetics for the removal o f m-xylene by chitin and chitosan.
Pseudo-first order Kf (hr-’) (linear) (non-linear)
Adsorbent
Chitin
Chitosan
Pseudo-second order
0.4900
0.8464
h (mg/(g.hr)) Kg(g/(mg.hr)) Xe(mg)
0.9333 0.9902
0.8994 0.9769
R^  (linear) R^  (non-linear)
Adsorbent
Chitin
Chitosan
Bangham
1.9869 1.8334
2.4284 1.6138
h  (g)
1.0410 0.9993 0.9999
1.2267 0.9991 0.9993
a R^  (linear) R^  (non-linear)
Adsorbent
Chitin
Chitosan
Intra-particle diffusion
0.0012 
0.0014 
kid (mg/(g.hr-’/^ ))
0.1891 0.9901 0.9935
0.2072 0.9295 0.9908
/  (mg/g) R^  (linear) R^  (non-linear)
Adsorbent
Chitin
Chitosan
0.1940
0.2038
1.5061
1.6503
0.9888
0.9191
0.9948
0.9962
5.4 Conclusions
In this study, chitin and chitosan, natural fishery waste materials, can be used as an effective 
adsorbents for the removal o f  single-component BTEX system from aqueous solutions. These
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materials have good physical and chemical stability; and thus can be used for various environmental 
applications. Higher BTEX removal by chitin and chitosan is possible when the initial concentration 
of BTEX was low in the aqueous solution. The Langmuir isotherm model presented the best fit of 
the equilibrium data. The optimum parameters of the adsorption process were determined. The 
results showed that chitin and chitosan have considerable potential for BTEX removal from aqueous 
solutions over a wide range of initial concentrations. It was evident from the linearized plot of 
models that the chitosan provided higher adsorption capacities than chitin. Among the kinetic 
models tested, the pseudo-second order rate equation was found to depict the best fit for the 
adsorption data. However, it was evident from the intra-particle diffusion model that the removal 
of single-component BTEX is not only controlled by pore diffusion. The adsorption mechanism 
favour chitosan to be used for the effective removal of single-component BTEX from aqueous 
environments. Chitosan proved to be promising alternative adsorbents for the effective removal of 
BTEX from aqueous solutions. Further work looking at the effect of relevant competing ions on the 
effectiveness of BTEX removal by chitosan will determine its viability for real application in 
wastewater treatment systems.
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Chapter 6 
Removal of BTEX Mixture from 
Aqueous Solutions by Chitosan 
and Chemically Modified Chitosan
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One of the most common sources of BTEX contaminated water is the releases of petroleum 
products such as gasoline, diesel fuel and lubricating and heating oil. A significant amount of 
gasoline enters the environment as a result of leakage, accidental spills and improper disposal 
practises and contaminates the natural waters. Benzene, toluene, ethylbenzene, and the three xylene 
isomers are chemicals that are found mainly in petroleum products such as gasoline. When gasoline 
is in contact with water, BTEX compounds which are the major water-soluble constituents of 
gasoline account for as much as 90% of the gasoline components that are found in the water soluble 
fraction (Mitra and Roy, 2011). BTEX were listed as hazardous aromatic hydrocarbons in the top 
ten; of the 40 most common organic contaminants, in their frequency of occurrence at polluted sites 
in United States (EPA, 1991). Acute exposure to gasoline and its BTEX compounds has been 
associated with skin and sensory irritation, effects on the respiratory system and central nervous 
system problems. On top of ski, sensory and central nervous system problems, prolonged exposure 
to these compounds can cause kidney, liver and blood systems problems (Mitra and Roy, 2011). 
Figure (6.1) shows the percentage weight of BTEX compounds in gasoline.
The BTEX compounds are toxic to humans, vegetation and biota, and proper remediation measures 
for their removal from polluted water environment are of special interest. Therefore, it is so 
important to characterise, identify, and enhance effective adsorbents for the removal of these 
hazardous compounds. In the previous chapter, it was found that chitosan which is the main product 
of chitin is be more effective in adsorption of BTEX compounds compared to chitin. This chapter 
is part of an extensive effort to develop alternative enhanced adsorbent materials for the removal of 
hydrocarbons where there are many chemical modification techniques. Crosslinking and grafting 
reactions were used to enhance the adsorption capacities of chitosan. The smooth uniform spherical 
particles produced by chemical modification were characterised using Fourier-transform infrared 
(FTIR) spectroscopy, scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy 
(EDX) and thermo gravimetric analysis (TGA) analyses. The purpose of this section is to provide 
a comprehensive understanding on the removal of BTEX mixture from aqueous solutions to 
compare the sorptive properties of chitosan and modified chitosan. Batch adsorption experiments 
for the removal of BTEX mixture from contaminated waters were carried out to evaluate the 
removal performance of modified chitosan. The proportions of aqueous BTEX mixture used 
throughout this work were consistent with the composition of super unleaded gasoline. The 
adsorption mechanisms including adsorption isotherms and kinetics were studied. The effects of 
initial concentration of adorbate, adsorbent dose and contact time were investigated. The results 
that were obtained in this chapter would provide the foundation for further exploration.
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Figure (6.1): The percentage weights (% wt) of BTEX compounds in gasoline.
6.1 Chemicals and Materials
6.1.1 Adsorbate and adsorbents
Individual BTEX compounds of analytical grade (> 99%) supplied by Fluka, UK, were used for the 
preparation of the test solutions of various initial concentrations in the range of 5-200 mg/1. 
Solutions were prepared containing mixture of benzene, toluene, ethylbenzene, p-xylene, m-xylene, 
and o-xylene (BTEX) in proportions consistent with the composition of super unleaded 92 octane- 
gasoline (Stafford, 1994, Jaynes and Vance, 1999, An, 2004). A stock solution was prepared by 
dissolving appropriate proportions of BTEX compounds in methanol in a volumetric flask. The 
ratios of each of BTEX compounds were calculated based on the percent volume of each compound 
in super unleaded gasoline as shown in Table (6 .1 ). The BTEX mixture test solutions were prepared 
by diluting the stock solution with distilled water to the desired concentrations in 100 ml flasks.
Table (6.1): BTEX concentrations (mg/1) consistent with the ratios of BTEX in super unleaded 
gasoline.
No. Benzene Toluene Ethylbenzene m-Xylene o-Xylene p-Xylene BTEX
1 (control) 0 0 0 0 0 0 0
2 0 . 2 1.6 0.5 0.9 0 . 8 0.9 5
3 0.4 3 . 2 1.1 1.9 1.5 1.9 10
4 0 . 9 6.5 2.2 3.7 3.0 3.7 20
5 2.2 16.2 5.5 9.3 7.6 9.3 50
6 4.3 32.4 10.9 18.6 15.1 18.6 100
7 6.5 4K6 16.4 2 T 9 22.7 2 T 9 150
8 8.6 6A8 21.8 3 T 2 3 0 2 37.2 200
The natural chitosan (C12H24N2O9) was obtained from the shells of crabs and was supplied by 
Aldrich, UK, and Sigma, UK, respectively. The chitosan was used in a powder form.
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Potassium persulfate and poly(methacrylic acid) were analytical grade reagents and used as an 
initiator and a monomer, respectively. All other chemicals were used throughout the experiments 
as supplied by the company without any further purification.
6.1.2 Preparation of Glutaraldehyde Crosslinked Chitosan Microspheres
Crosslinking chitosan with glutaraldehyde was carried out before grafting, in order to increase the 
reactivity for graft copolymerization and obtain advance materials with multifunctions. The 
glutaraldehyde crosslinked chitosan microspheres were prepared by adding 0.75 g of chitosan into 
25 ml of 2% aqueous acetic acid and hereafter pouring the mixture in a round-bottomed flask of 
250 ml containing 4 ml of emulsifier (Span-80) and 80 ml of paraffin. After this, 10 ml of 
glutaraldehyde (7.5%) was added to the suspension and was mixed for another 1 h at a temperature 
of 40°C. Mixing the solution was carried out using a mechanical stirrer in a temperature-controlled 
water-bath for 30 min at 1500 rpm. The pH of the reaction mixture was adjusted to 9 using diluted 
sodium hydroxide (NaOH 1.0 mol/1) solution. Then, the mixture was stirred for another 2 h at a 
temperature of 70°C. Then, the final product was obtained after vacuum filtration and thoroughly 
rinsing first with petroleum ether, then the acetone and the distilled water, and drying in an oven at 
60°C for 24 hr.
6.1.3 Graft Copolymerization of Crosslinked Chitosan Microspheres
Grafting the crosslinked chitosan microspheres was performed in a three necked round-bottomed 
flask filled with a magnetic stirrer bar for constant mixing with a reflux condenser under nitrogen 
atmosphere at 70°C; Figure (6.2). The flask was also equipped with pressure-equalizing addition 
funnel. A glass T-piece adaptor was fitted to the top of the reflux condenser, one tube connected to 
the nitrogen supply and the other to a mineral oil bubbler (or a Drechesel bottle). Any remaining 
openings were closed with glass stoppers. In the beginning, 0.3 g of potassium persulfate (KzSzOg) 
initiator was dissolved into 40.0 ml N,N-dimethylformamide/H20 (1/1, v/v) solution and added to 
the 0.5 g of the crosslinked chitosan microspheres and stirred in the flask for 20 min. A slow stream 
of nitrogen was used to deoxygenate the solution. Then, 2.5 ml of poly(methacrylic acid) was added 
to the mixture and the reaction continued mixing for a further 4 h. Finally, the product was washed 
consecutively with acetone, sodium hydroxide (NaOH 0.1 mol/1) solution and distilled water, and 
then the microspheres were dried in the oven at 60°C for 24 hr and stored at room temperature.
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Figure (6.2): Schematic diagram of experimental set-up of graft copolymerization of crosslinked
chitosan microspheres.
6.2 Experimental Procedure
6.2.1 Adsorption Procedure
A series of batch adsorption experiments were performed in order to evaluate the removal 
performance of enhanced chitosan. Accurately weighted adsorbents of 0.1 to 0,9 g were added to 
tefton-screw-caps glass tubes. An aliquot of 33 ml of sample solutions at different concentrations 
were transferred into the glass tubes and tightly covered by the caps without headspace left above 
the solutions to avoid any possible volatilization of BTEX during the experiment. The samples were 
prepared in duplicates. To monitor both the losses by volatilization or by adsorption into the walls 
of the tubes, blank samples and samples containing just the BTEX mixture solution without the 
adsorbents were also prepared. The samples were placed in a rotary shaker at room temperature of 
22 ± 1 °C and at 300 rpm for 24 hr. The reaction mixtures were then centrifuged at 3000 rpm for 
20 minutes to allow the adsorbent to settle and separate from the solution. After centrifugation, a 
portion of the supernatant was extracted in a septum-capped vial and subjected to analysis by gas 
chromatography equipped with mass spectroscopy (GC-MS). Preliminary experiments indicated 
that in about 8 h the equilibrium was reached without any significant decrease in BTEX bulk
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concentration after a period of time up to 2 days. However, all the solutions were kept in contact 
with the adsorbents for 24 hr to make sure that equilibrium is reached.
6.2.2 Analytical Procedure
The separated BTEX concentrations were measured using a Perkin-Elmer, model Clarus®500 gas 
chromatograph equipped with mass spectroscopy (GC-MS). A GC column of 30 m x 0.25 mm i.d. 
with helium as a carrier gas (purity 99.99%) was used for quantification. The injector port 
temperature was maintained at 150°C, the oven was programmed with initial temperature of 30°C, 
and then to 150°C at 10°C/min. Daily calibration curves were prepared with each of BTEX 
compounds. The concentrations of BTEX compounds were calculated from their corresponding 
area of chromatographic peaks.
6.3 Results and Discussion
6.3.1 Characterization Studies
In the current work, several spectroscopic methods were used to characterise the chitosan and the 
chemically modified chitosan. These adsorbents were analysed by the four most commonly used 
characterization techniques; Fourier-transform infrared (FTIR) spectroscopy, scarming electron 
microscopy (SEM), energy dispersive X-ray spectroscopy (EDX) and thermo gravimetric analysis 
(TGA). Even though a detailed description of the procedures and instruments utilised to analyse the 
selected adsorbents is beyond the scope of this section, the discussions here will focus on the result 
found from applying such analysis techniques on the adsorbents.
6.3.1.1 Fourier-Transform Infrared (FTIR) Spectrophotometer
Fourier-transform infrared (FTIR) spectrophotometer is a forceful and important tool for providing 
information related to functional groups on an adsorbent surface or formation of bonds. The analysis 
by FTIR spectrophotometer was conducted in order to confirm the functional groups present in the 
chitosan and the chemically modified chitosan as well as to observe the interactions and bond 
formations in the samples. A computerized Fourier-transform infrared (FTIR) spectrophotometer 
model; Agilent Technologies Cary-600 series, was used to record the IR spectra of chitosan, 
chitosan crosslinked with glutaraldehyde and poly(methacrylic acid) modified chitosan. The IR 
spectra of these compounds were recorded in the band range of 4000 to 600 cm'' using potassium 
bromide (KBr) pellets. To prepare the KBr pellets, dried samples were blended with potassium 
bromide (IR grade) then the mixtures were pressed into pellet form. Before each run, the 
background was measured by the FTIR instrument, which was subtracted automatically from the 
spectrum of the sample.
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The chemical structure of chitosan and modified chitosan were confirmed by Fourier-transform 
infrared spectrophotometer; Figure (6.3) and Figure (6.4). In Figure (6.4a), the FTIR spectrum of 
chitosan shows broad and strong absorption peak at around 3412 cm’*, which can be assigned to N - 
H and O-H stretching. These functional groups in chitosan chain can be considered as reaction sites 
for the adsorption of organic and inorganic species. The peak at 2867 cm’*, corresponds to C-H 
stretching vibration. The peaks at 1644 cm * and 1566 cm * correspond to amide I and amide II, 
respectively. The peaks observed at a range of 1000-1200 cm’*, can be assigned to the C-O 
stretching, which are a common characteristic IR spectra in pure chitosan backbone (Hu et al., 2002, 
Lv et al., 2009).
The FTIR spectra of glutaraldehyde crosslinked chitosan; Figure (6.4b), showed that the strong O - 
H bands from 3000 to 3700cm'* of chitosan became weak indicating the conversion of O-H and/or 
N-H group into acetal linkage. The peaks at 2853 and 2922 cm *, is assigned to C-H stretching. 
Furthermore, the new peak at 1655 cm ’* represents the formation of the imine linkage (C=N), which 
confirms the formation of Schiff base reaction and cross-linking between the amino group of 
chitosan and the aldehydic group of glutaraldehyde has taken place (Jiang et al., 2005).
The spectrum of chitosan modified with poly(methacrylic acid); Figure (6.4c), showed band at 
3300-3500 cm* due to the presence of acid, C-O-H stretching of the hydroxyl group and showed 
a peak at 2800-2950 cm * which is attributed to the vibration of CH2 groups from chitosan and 
acids. The peak at 1711cm'* was observed, which can be assigned to C=0 stretching vibration of 
carboxyl groups. The peak at 1253 cm'* is associated with C-N stretching vibration. Presence of 
the characteristic peak of C=0 asymmetric and symmetric stretching vibration of carboxylate ions 
at 1556 and 1377 cm'* confirms the modification of chitosan with methacrylic acid (Yu et al., 2007, 
Xing et al., 2009).
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Figure (6.3): Deacetylated and acetylated and forms of chitosan monomer (Lv et al., 2009).
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Xi
Figure (6.4): FTIR spectra of (a) chitosan (b) glutaraldehyde cossiinked chitosan and (c) 
methacrylic acid grafted with cosslinked chitosan.
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6.3.1.2 Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray (EDX) 
Analysis
The surface morphology of the dried samples of chitosan, glutaraldehyde crosslinked chitosan and 
crosslinked chitosan grafted with poly(methacrylic acid) were studied with a scanning electron 
microscopy (SEM S-3200 N, Hitachi), coupled with energy dispersive X-ray spectrometer (EDX 
Brucker) as presented in Figure (6.5), Figure (6.6) and Figure (6.7).
¥
Figure (6.5): The SEM micrograph (20 kv) of natural chitosan.
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Before analysis, the dried microspheres were mounted on the metallic base and sputter-coated with 
a layer of gold (2nm thickness) to prevent any charging effect. The SEM imaging of the surface of 
the sample was scanned with potentials of 20 kV and at desired magnification ranging from 100 to 
10,000. Figure (6.5), Figure (6.6) and Figure (6.7) show the microspheres before and after chemical 
modification.
i
T'' É': _ _ _ ......
Figure (6.6): The SEM micrograph (20 kv) of glutaraldehyde crosslinked chitosan.
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It was observed that chitosan was slightly wrinkled and network compared with the chemically 
modified chitosan microspheres that were formed by cross-linking with glutaraldehyde which as 
they had a well-shaped spherical form with smooth surface. The surface of grafted chitosan 
microspheres appeared to be more roughened after grafting with poly(methacrylic acid).
Figure (6.7): The SEM micrograph (20 kv) of chitosan modified with poly(methacrylic acid).
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EDX analysis of chitosan and modified chitosan are presented in Figure (6.8), Figure (6.9), Figure
(6.10), Table (6.2), Table (6.3) and Table (6.4). The analysis was conducted to qualitatively, not 
quantitatively, estimate the main elements present in the samples. In the EDX spectra of chitosan 
and chemically modified chitosan, the peaks associated with the main elemental analysis are carbon, 
nitrogen and oxygen. A quantitative analysis of elements observed was conducted by EDX software 
for the studied samples and the percentage weight of each element in the samples were determined 
in Table (6.2), Table (6.3) and Table (6.4). After crosslinking reaction of chitosan with 
glutaraldehyde, the carbon content increased compared to the original chitosan sample, and with 
grafting the crosslinked chitosan with poly (methacrylic acid) the carbon content also increased.
Table (6.2): EDX analysis of chitosan
Element Weight%
C 49.96
N 9.35
O 40.30
A1 0.14
Si 0.16
Cl 0.09
Total 100.00
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Figure (6.8): EDX analysis of chitosan.
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Table (6.3): EDX analysis of glutaraldehyde crosslinked with chitosan
Element Weight%
C 58.15
N 6.12
O 35.7
A1 0.01
Si 0.02
Total 100.00
Figure (6.9): EDX analysis of glutaraldehyde crosslinked with chitosan.
Table (6.4): EDX analysis of grafted crosslinked chitosan with poly(methacrylic acid).
Element Weight%
C 63.95
N 3.73
O 32.15
s 0.08
K 0.09
Total 100.00
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Figure (6.10): EDX analysis of grafted crosslinked chitosan with poly (methacrylic acid).
6.3.1.3 Therm o G ravim etric  Analysis (TGA)
Thermo gravimetric analysis (TGA) of chitosan and chemically modified chitosan were carried out 
in order to investigate their behaviour under thermal applications. TGA studies of chitosan, 
crosslinked chitosan and grafted chitosan were performed by thermobalance (TGA Q 500, TA 
Instruments) under inert atmosphere; nitrogen gas, and under air between 20°C and 800°C with a 
gradient of heating rate of 10°C/min. Overlay of thermograms of chitosan, chitosan crosslinked 
with glutaraldehyde and modified chitosan with poly (methacrylic acid) are presented in Figure
(6.11) and (6.12) . As observed in the figures, it was evident that there was similarity between the 
patterns of percentage weight loss of chitosan and chemically modified chitosan under air and inert 
atmosphere that prove the non-reactive feature of samples used with air even at very high 
temperature. Up to 100°C, chitosan started to evolve small amount of free water (which is found to 
be 9.5% and 9.7% for air and inert atmosphere, respectively), which may be attributed to 
evaporation of absorbed water. Afterward, between 100 °C and 250 °C, the mass loss was marginal, 
which can be attributed to the mass loss of bonded water. Finally, the observed sharp loss of weight 
at a temperature above 250°C is due to degradation of the compound. In the case of both chitosan 
cross linked with glutaraldehyde and poly(methacrylic acid) modified chitosan the degradation 
temperature decreased for both materials to around 180°C. Thus, the acceptable limit and thermo 
stability of the materials used in the experiments can be taken as 180°C before they collapse.
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Figure (6.11): TGA analysis of chitosan, crosslinked chitosan and crosslinked chitosan grafted 
with poly(methacrylic acid) under nitrogen gas.
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Figure (6.12): TGA analysis of chitosan, crosslinked chitosan and crosslinked chitosan grafted
with poly(methacrylic acid) in air.
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6.3.2 Adsorption Isotherms
The Langmuir, Freundlich, Redlich-Peterson, Temkin, and Dubinin-Radushkevich isotherm 
models were tried for fitting the experimental data obtained for the adsorption of BTEX mixture 
from aqueous solutions by chitosan and chemically modified chitosan. The isotherm models are 
essential for describing the adsorption capacities of a specific adsorbate by an adsorbent, as well as 
representing a vital role in the analysis and design of adsorption systems and model predictions. 
The BTEX compounds initial concentrations used to calculate the parameters of the isotherm 
models were benzene 2.2 mg/1, toluene 16 mg/1, ethylbenzene 5.5 mg/1, m-xylene 9.3 mg/1, o- 
xylene 7.6 mg/1, and p-xylene 9.3 mg/1. By combining those concentrations, the total BTEX 
concentration is equal to 50 mg/1. These BTEX concentrations represent a concentration range that 
is low for the adsorption isotherms, however the BTEX removal by chitosan and modified chitosan 
were the highest. The experimental parameters were determined from the five different isotherm 
equations are shown in Table (6.5).
The Langmuir isotherm model for the two parameter model was found to best fit the equilibrium 
data for the adsorption of BTEX onto chitosan and modified chitosan based on the high values of 
R^  for this model; see Figure (6.13) and Figure (6.14). The values of the essential dimensionless 
separation factor of Langmuir isotherm, Ri, at total initial concentration of BTEX of 50 mg/1 are 
presented in Table (6.6) and Table (6.7). It was found that the values of R i were less than 1 for 
BTEX adsorption onto chitosan and modified chitosan; indicating a favourable adsorption process. 
The values of Freundlich constants (K) and (\/n) for modified chitosan were higher compared to 
chitosan, which indicates the higher adsorption capacity of BTEX by modified chitosan. The values 
of non-linear coefficient R  ^are found based on the deviation between the theoretically predicted 
data and the experimental data and are higher than the linear R  ^ and are presented in Table (6.6) 
and Table (6.7).
The linearized plot of Redlich-Peterson isotherm for the adsorption of BTEX onto chitosan and 
modified chitosan are presented in Figure (6.15) and Figure (6.16). The adsorption capacities of 
chitosan and modified chitosan can be compared from their isotherm plots. Based on Redlich- 
Peterson equation presented in Table (6.5), selection of superior adsorbent can be done from the 
parallel line plots, which is the case for the two studied adsorbents as shown in Figure (6.16); the 
upper line of modified chitosan represents better adsorption capacity and thus better adsorbent 
compared to chitosan.
150
Kinetic and Removal Mechanisms o f BTEX Compounds from Aqueous Solutions by Chitin, Chitosan and Enhanced Chitosan
T3
I
*9VO
«
I
I
8
2
(2
I
i
I
■§
rH  K j
|:s
I
c
C
I
c
c e
D; +
T—1
1
I
1
«
OQ
yc
Da
>< |:^
i
d;
D?
D?
CM
Da
+
y
3
y.
CQ
vL
t
X 1:5:
iî
151
Kinetic and Removal Mechanisms of BTEX Compounds from Aqueous Solutions by Chitin, Chitosan and Enhanced Chitosan
The adsorption isotherms for the removal of benzene, toluene, ethylbenzene, m-xylene, o-xylene 
and p-xylene into chitosan and modified chitosan. Figure (6.14) and Figure (6.16), indicated that 
modified chitosan adsorbed comparable amount of the smaller molecules of benzene as original 
chitosan. In addition, modified chitosan adsorbed much more of the larger xylene isomers 
molecules than original chitosan. It was found that chemically modified chitosan is a much better 
adsorbent than the original chitosan for multi-component BTEX system; Figure (6.14) and Figure 
(6.16). Adsorption of BTEX may reorient the surface of modified chitosan and permit higher 
expansion of the surface.
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Figure (6.13): Langmuir isotherms for BTEX sorption by (a) chitosan and (b) modified chitosan 
at various initial BTEX concentrations (adsorbent dose = 0.5 g; room temperature = 22 ± 1 °C).
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Figure (6.14): Langmuir adsorption isotherm of chitosan and modified chitosan for benzene, 
toluene, ethylbenzene, m-xylene, o-xylene and p-xylene.
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Figure (6.15): Redlich-Peterson isotherms for BTEX sorption by (a) chitosan and (b) modified 
chitosan at various initial BTEX concentrations (adsorbent dose = 0.5 g; room temperature =
22 ± 1 °C).
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Figure (6.16): Redlich-Peterson adsorption isotherm of chitosan and modified chitosan for 
benzene, toluene, ethylbenzene, m-xylene, o-xylene and p-xylene.
The derived isotherm model constants for the two studied adsorbents are listed in Table (6.6) and 
Table (6.7). The higher the K  values for Freundlich isotherm model indicates higher is the 
adsorption capacity and hence the more favourable is the modified chitosan adsorbent. From the 
values of the regression coefficient R ,^ the Langmuir model was observed to represent these 
equilibrium data reasonably well.
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Examination of the adsorption data and the values of correlation coefficients, R ,^ also shows that 
the Temkin model provides a reasonable fit to BTEX adsorption, while the Dubinin-Radushkevich 
model does not provide an accurate description of the data over the range of concentrations studied 
and this is confirmed by the low values of, R^, presented in Table (6.6) and Table (6.7). The 
Redlich-Peterson isotherm constants K^, and p  and the correlation coefficients, R^, are listed in 
Table (6.6) and Table (6.7). The higher the value indicates higher is the adsorption capacity and 
hence the more favourable is the adsorption process. Analysis of the isotherm plot shows that the 
Redlich-Peterson model accurately describes the adsorption of BTEX on chitosan and modified 
chitosan. The values of R  ^ are higher than the other isotherm models, since the procedure used to 
determine the model parameters maximizes coefficient of determination. Therefore, Redlich- 
Peterson isotherm best fit the data for BTEX adsorption onto chitosan and modified chitosan.
Table (6.6): Isotherm parameters for adsorption of BTEX mixture onto 
BTEX concentrations (adsorbent dose = 0.5 g; room temperature = 22 ±
chitosan at various initial 
1 °C).
Isotherm Model Parameter Benzene Toluene Ethylbenzene m-Xylene o-Xylene p-Xylene
Langmuir a (mg/g) 20.227 25.246 27.813 34.458 28.417 32.843
b (1/mg) 0.002 0.002 0.002 0.002 0.002 0.002
Rl
R^  (linear)
R2 (non-linear)
0.997
0.994
0.996
0.970
0.995
0.996
0.990
0.995
0.996
0.983
0.991
0.998
0.982
0.997
0.997
0.980
0.990
0.998
Freimdlich K (mg/g) (mg/1)-'/") 0.033 0.060 0.061 0.078 0.074 0.092
1/n
R^  (linear)
R^  (non-linear)
0.950
0.977
0.998
0.952
0.949
0.991
0.957
0.954
0.996
0.968
0.956
0.996
0.963
0.962
0.995
0.966
0.916
0.952
Redlich-Peterson ^«(1/g)
aR(l/mg)i'^
0.023
0.360
0.024
0.254
0.031
0.249
0.033
0.159
0.032
0.175
0.032
0.191
P
R^  (linear)
R2 (non-linear)
0.989
1.000
1.000
0.988
0.998
0.999
0.985
0.999
1.000
0.979
0.995
0.999
0.983
0.998
1.000
0.984
0.999
1.000
Temkin 0.040 0.218 0.264 0.289 0.328 0.362
KriVmg)
R^  (linear)
R^  (non-linear)
0.203
0.928
0.973
0.271
0.950
0.961
0.598
0.931
0.957
0.660
0.937
0.958
0.667
0.934
0.960
0.614
0.928
0.929
Duhinin-
Radushkevich
(mg/g)
E (kJ/g)
R2 (linear)
R^  (non-linear)
0.961
32.936
0.787
0.789
0.970
33.793
0.758
0.893
0.976
34.283
0.598
0.820
0.994
43.660
0.580
0.893
0.992
42.248
0.795
0.819
0.994
48.632
0.680
0.693
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Table (6.7): Isotherm parameters for adsorption of BTEX mixture onto chemically modified 
chitosan at various initial BTEX concentrations (adsorbent dose = 0.5 g; room temperature = 
22 ± 1 °C).
Isotherm M odel Parameter Benzene Toluene Ethylbenzene m -Xylene o-X ylene p-X ylene
Langmuir a (mg/g) 75.521 85.668 94.987 96.805 96.242 96.960
b (1/mg) 0.001 0.002 0.003 0.003 0.005 0.009
Rl 0.997 0.963 0.985 0.974 0.960 0.920
R  ^ (linear) 0.981 0.972 0.982 0.978 0.963 0.990
R  ^ (non-linear) 0.990 0.972 0.996 0.984 0.982 0.996
Freundlich K (m g/g) (mg/1)-^/") 0.136 0.242 0.299 0.419 0.437 0.728
I f n 1.337 1.744 1.764 1.884 1.768 1.870
R  ^(linear) 0.912 0.853 0.825 0.783 0.836 0.857
R  ^ (non-linear) 0.976 0.853 0.879 0.893 0.879 0.961
Redlich-Peterson (1/g) 0.042 0.059 0.065 0.081 0.086 0.076
a«(l/mg)'/^ 0.251 0.198 0.191 0.121 0.105 0.102
P 0.985 0.983 0.980 0.973 0.978 0.977
R  ^(linear) 0.998 0.998 0.998 0.999 0.999 0.999
R  ^(non-linear) 0.998 0.999 1.000 0.999 0.999 0.999
Temkin Bi 0.083 0.504 0.538 0.547 0.590 0.565
KriVmg) 2.043 2.708 5.665 5.994 5.185 5.647
R  ^(linear) 0.952 0.950 0.897 0.844 0.947 0.844
R  ^(non-linear) 0.953 0.961 0.926 0.857 0.965 0.857
D ubinin-
Radushkevich
Qd (mg/g) 2.756 2.774 2.833 3.427 3.026 3.933
23.538 54.564 54.608 55.080 72.807 84.885
R  ^(linear) 0.760 0.779 0.714 0.567 0.617 0.510
R2 (non-linear) 0.783 0.781 0.631 0.575 0.835 0.529
Overall, using the linear regression it was proved that the Langmuir isotherm, for two parameter 
model, and the Redlich-Peterson isotherm, for three parameter model, represent the best models to 
fit the data for the adsorption of BTEX onto chitosan and modified chitosan based on the high 
values of R  ^ for these two models. The BTEX adsorptive capacities of modified chitosan were 
higher than the original chitosan by ~ 104% for benzene, 61% for toluene, 50% for ethylbenzene, 
60% for m-xylene, 66% for o-xylene and 67% for p-xylene; due to the higher surface area of 
modified chitosan. In general, the maximum removal percentages can be arranged in the order of 
B<T<E<X. The maximum removal percentage of the modified chitosan for the adsorption of 
benzene, toluene, ethylbenzene, m-xylene, o-xylene and p-xylene were 78%, 85%, 88%, 91%, 94% 
and 96%, respectively.
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6.3.3 Error Analysis
The experimental data of adsorption of BTEX mixture from aqueous solutions by chitosan and 
modified chitosan were analysed by Langmuir, Freundlich, Redlich-Peterson, Temkin and Dubinin- 
Radushkevich isotherm models, and with the purpose of determining the best fit model for the 
system, five error functions were tested; the sum of the squares of the errors (ERRSQ), the hybrid 
fractional error function (HYBRID), Marquardf s percent standard deviation (MPSD), the average 
relative error (ARE), and the sum of the absolute errors (EABS); Table (6.8) and Table (6.9).
Langmuir Isotherm
The Langmuir parameter sets found from the five selected error functions are shown in Table (6.8) 
and Table (6.9). There are similarity and consistency between the values obtained for Langmuir 
constants, a and b, to those obtained by the linear error analysis approach. Moreover, the ratios 
which give mono-layer saturation capacity are very close.
Table (6.8): Error analysis and values of five different error functions of Langmuir isotherm model 
for adsorption of BTEX mixture by chitosan.
ERRSQ HYBRID MPSD ARE SAE
Benzene
a 20.08689 20.37653 20.85971 19.68199 19.51097
b 0.00155 0.00123 0.00154 0.00158 0.00160
Sum o f  Normalized Error 0.24228 5.00000 0.71915 0.24049 0.24061
Toluene
a 27.98530 29.56717 24.07885 18.73287 23.66749
b 0.00171 0.00161 0.00200 0.00261 0.00205
Sum o f  Normalized Error 2.94491 3.03848 3.24957 4.90728 3.30171
Ethylbenzene
a 28.39703 27.39819 27.02511 26.47710 21.55839
b 0.00541 0.00404 0.00182 0.00184 0.00227
Sum ofN orm alized Error 4.01268 2.89044 3.79441 2.81898 2.97416
m -Xylene
a 32.30316 33.57190 30.91743 32.01771 38.83488
b 0.00196 0.00188 0.00205 0.00198 0.00162
Sum ofN orm alized Error 2.45843 2.67703 2J5988 2.31087 5.00000
o-X ylene
a 27.86502 28.30157 27.83690 28.08813 28.01603
b 0.00245 0 .00239 0.00243 0.00241 0.00236
Sum ofN orm alized Error 1.63381 0.31228 0.30789 0.30099 5.00000
p-Xylene
a 33.54679 34.66343 39.96304 31.54462 33.60274
b 0.00210 0.00203 0.00175 0.00223 0.00209
Sum ofN orm alized Error 2.33161 2.38908 4.64503 4.70450 2.29127
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Table (6.9): Error analysis and values of five different error functions of Langmuir isotherm model 
for adsorption of BTEX mixture by modified chitosan.
ERRSQ HYBRID M PSD ARE SAE
Benzene
a 74.04853 74.58458 75.40205 74.40365 74.40756
b 0.00145 0.00143 0.00144 0.00145 0.00144
Sum ofN orm alized Error 3.06094 4.48196 4.63205 3.01372 3.43233
Toluene
a 86.27680 85.91389 86.48232 85.78150 85.62556
b 0.00233 0.00234 0.00232 0.00234 0.00235
Sum ofN orm alized Error 4.13026 4.15712 4.19281 4.43626 4.82162
Ethylbenzene
a 96.13021 97.34585 98.89652 97.77772 97.52980
b 0.00265 0.00262 0.00240 0.00261 0.00261
Sum ofN orm alized Error 1.07068 0.06956 4.97284 0.06998 0.07020
m -Xylene
a 96.04094 96.47162 97.76528 101.93807 95.87215
b 0.00293 0.00292 0.00288 0.00276 0.00294
Sum ofN orm alized Error 2.56712 2.46545 2.59264 5.00000 2 .63524
o-Xylene
a 96.38111 98.23406 98.35098 98.24291 97.24103
b 0.00618 0.00603 0.00549 0.00550 0.00550
Sum ofN orm alized Error 5.00000 4.72505 0.58404 0.58414 0.27604
p-X ylene
a 96.95960 96.98435 96.55617 96.96048 97.09372
b 0.00933 0.00934 0.01133 0.00928 0.01120
Sum ofN orm alized Error 0.08499 0.06422 5.00000 0.16604 4.77237
The values of errors were considerably low for the nonlinear form of Langmuir isotherm compared 
to the error values of Freundlich isotherm model for chitosan and modified chitosan (see appendix 
B) reinforcing the applicability of this model to the experimental data obtained. Thus, from Table 
(6.8), Table (6.9), and by comparing the magnitudes of values of error together with values of 
isotherm parameters obtained, it was found that the Langmuir isotherm model provide a reasonable 
two parameter model for best fit the data of adsorption of BTEX mixture by chitosan and modified 
chitosan.
Freundlich Isotherm
The non-linear Freundlich isotherm constants and errors are calculated and presented in Table 
(6.10) and Table (6.11). Examination of the results obtained suggests that the similarity and 
consistency between the constant values provided by non-linear regression {K and especially 1/n ) 
and that by the linear transform of Freundlich isotherm equation; Table (6.10) and Table (6.11). 
Thus, it was found that the values obtained by linearization are in reasonable approximation to the 
optimum parameter set determined by non-linearization methods. In case of chitosan, the minimum
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sum of normalized error occurs for the parameter constants found by the ARE measure for benzene, 
ethylbenzene and o-xylene, the MPSD measure for toluene, and the HYBRID measure for m-xylene 
and p-xylene. In case of modified chitosan, the minimum error occurs for the parameter constants 
found by the SAE measure for benzene, toluene and xylene isomers, and the HYBRID measure in 
the cases of ethylbenzene.
Table (6.10): Error analysis and values of five different error functions of Freundlich isotherm 
model for adsorption of BTEX mixture by chitosan.
ERRSQ HYBRID M PSD ARE SAE
Benzene
K 0.03354 0.03270 0.03166 0.03191 0.03259
1/n 0.93765 0.95509 0.99216 0.96664 0.95530
Sum ofN orm alized Error 3.20416 2.52102 4.22974 2.43257 2.45453
Toluene
K 0.06337 0.06555 0.05950 0.05635 0.15392
1/n 0.92637 0 .91582 0.95005 0.96377 0.63683
Sum ofN orm alized Error 0.72089 0 .74570 0.68897 0.69663 5.00000
Ethylbenzene
K 0.06177 0.05995 0.05779 0.06009 0.06137
1/n 0.94952 0.96313 0.98451 0.96030 0.95217
Sum ofN orm alized  Error 4.43914 3.23809 3.81140 3.19045 3.35961
m -X ylene
K 0.07883 0.07713 0.07597 0.07585 0.07871
1/n 0.96292 0.97106 0.97874 0.98018 0.96293
Sum ofN orm alized  Error 3.31100 2.33213 3.18399 3.77661 3.17863
o-X ylene
K 0.08692 0.08285 0.07711 0.07301 0.07195
1/n 0.90119 0.91392 0.93454 0.96553 0.97173
Sum ofN orm alized  Error 4.94743 4 .74677 4.61675 4.38316 4.38917
p-X ylene
K 0.09628 0.09352 0.09214 0.09197 0.09232
1/n 0.94406 0.95472 0.96210 0.96257 0.95703
Sum ofN orm alized Error 4.03258 2.81262 3.42928 3.37306 2.83094
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Table (6.11): Error analysis and values of five different error functions of Freundlich isotherm 
model for adsorption of BTEX mixture by modified chitosan.
ERRSQ HYBRID M PSD ARE SAE
Benzene
K
1/n
Sum ofN orm alized Error
0.13924
1.30246
4.39133
0.12771
1.35573
3.44802
0.12641
1.35463
3.48799
0.12792
1.34412
3.48220
0.13028
1.33435
3.39505
Toluene
K
1/n
Sum ofN orm alized Error
0.24770
1.73306
4.00584
0.24049
1.74118
4.13096
0.24071
1.74017
4.66075
0.24858
1.73201
4.05436
0.24229
1.73874
3.84825
Ethylbenzene
K
1/n
Sum ofN orm alized Error
0.32771
1.71140
2.52014
0.30347
1.74323
1.40798
0.28811
1.77048
1.84270
0.28776
1.77808
3.32660
0.33285
1.70502
2.82518
m-Xylene
K
1/n
Sum ofN orm alized Error
0.38680
1.90216
2.70991
0.39134
1.89828
2.81077
0.36992
1.92177
4.84229
0.38906
1.90045
2.71749
1.121127
0.37717
2.70632
o-Xylene
K
//);
Sum ofN orm alized Error
0.49041
1.67699
2.31616
1138220
1.76872
1.45397
(122562
2.00997
3.52733
0.28565
1.91222
2.34523
0.36705
1.77567
1.35581
/»-Xylene
K
1/n
Sum ofN orm alized Error
1.24518
1.62048
3.27005
0.81953
1.76090
1.52238
0.59572
1.89588
3.28186
0.64632
1.86610
2.80063
0.76341
1.77495
1.34137
Redlich-Peterson Isotherm
The values of parameters for the non-linearization form of Redlich-Peterson isotherm and the error 
analyses are presented in Table (6.12) and Table (6.13).The actual values of parameter sets derived 
by linear regression of Redlich-Peterson isotherm are consistent with that obtained from nonlinear 
form of the model across the range of error methods selected. Similar to the Langmuir and 
Freundlich isotherm model, it is quite interesting to notice that the linear equation of Redlich- 
Peterson isotherm can be considered to be a suitable method to provide the best fit for the 
experimental values, the values of errors are low which confirm the applicability of this model to 
the experimental data (see Table (6.12) and Table (6.13) and appendix B). Similar results from 
nonlinear form of Redlich-Peterson isotherm have been also reported by Mall et al. for the 
adsorption of malachite green dye into activated carbon laboratory grade (Mall et al., 2005). The 
minimum sums of normalized errors are found for each of the BTEX compounds in the mixture 
and presented in Table (6.12) and Table (6.13).
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Table (6.12): Error analysis and values of five different error functions of Redlich-Peterson 
isotherm model for adsorption of BTEX mixture by chitosan.
ERRSQ H YBRID M PSD ARE SAE
Benzene
/(« ( l /g ) 0 .020 0.022 0.023 0.023 0.023
0.230 0.248 0.293 0.257 0.255
P 0.960 0.995 0.994 0.992 0.998
Sum ofN orm alized  Error 4.644 4.823 2.919 4.810 4.765
Toluene 
Kr (1/g) 0.024 0.025 0.026 0.022 0.023
«^(l/mg)'//^ 0.278 0.295 0.335 0.216 0.258
P 0.978 0.968 0.947 0.998 0.979
Sum ofN orm alized Error 1.646 1.626 1.633 5.000 1.822
Ethylbenzene 
Er (1/g) 0.028 0.029 0.030 0.030 0.030
««(Emg)!/^ 0.169 0.187 0.223 0.207 0.207
P 0.999 0.995 0.999 0.997 0.997
Sum ofN orm alized  Error 5.000 2.805 0.851 1.873 1.896
/n-Xylene
/^R(l/g) 0.033 0.032 0.032 0.032 0.032
aB(l/mg)'/^ 0.147 0.138 0.137 0.130 0.148
P 0.993 0.992 0.999 0.999 0.984
Sum ofN orm alized Error 1.180 3.435 2.126 5.000 1.263
o-X ylene  
Kr (1/g) 0.031 0.030 0.030 0.030 0.032
«^(l/mg)'/^ 0.152 0.135 0.119 0.138 0.165
P 1.020 1.048 1.083 1.040 1.000
Sum ofN orm alized Error 3.070 2.521 3.582 2.526 4.093
p-X ylene
(1/g) 0.032 0.032 0.032 0.032 0.032
afi(Emg)’'^ 0.196 0.194 0.196 0.202 0.203
P 0.969 0.970 0.967 0.961 0.960
Sum ofN orm alized Error 4.152 4.208 4.132 4.462 4.671
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Table (6.13): Error analysis and values of five different error functions of Redlich-Peterson 
isotherm model for adsorption of BTEX mixture by modified chitosan.
ERRSQ HYBRID MPSD ARE SAE
Benzene
Kg (1/g) 0.041 0.045 0.039 0.039 0.040
ajtiVmgF^ 0.255 0.445 0.256 0.241 0.246
P 0.981 0.972 0.970 0.958 0.982
Sum ofNormalized Error 1.5920 5.0000 1.6792 1.4836 1.5647
Toluene
Kg (1/g) 0.052 0.053 0.055 0.058 0.058
dg(l/mg)'/^ 0.178 0.161 0.183 0.208 0.216
P 0.923 0.900 0.983 0.971 0.961
Sum ofNormalized Error 1.7155 5.0000 0.4940 0.4890 0.4784
Ethylbenzene
Kg (1/g) 0.063 0.057 0.064 0.060 0.064
ag(l/mg)'/^ 0.198 0.191 0.181 0.194 0.187
P 0.992 0.991 0.993 0.995 0.983
Sum ofNormalized Error 3.4726 34267 2.0691 3.2624 1.9648
/w-Xylene
Kg (1/g) 0.080 0.078 0.066 0.071 0.079
(Zg(l/mg)'/^ 0.127 0.137 0.138 0.120 0.104
P 0.992 0.998 0.996 0.928 0.926
Sum ofNormalized Error 1.3803 2.2083 5.0000 1.0800 2.8011
o-Xylene
Kg (1/g) 0.097 0.087 0.079 0.077 0.084
ag(l/mg)'/^ 0.107 0.108 0.106 0.107 0.096
P 0.949 0.956 0.941 0.970 0.981
Sum ofNormalized Error 5.0000 1.4983 23733 3.9319 1.4156
/7-Xylene
Kg (1/g) 0.068 0.072 0.073 0.073 0.073
üg(l/mg)'/^ 0.098 0.097 0.097 0.102 0.107
P 0.976 0.993 0.969 0.956 0.944
Sum ofNormalized Error 5.0000 1.9452 0.6889 0.7183 0.7239
Temkin Isotherm
The adsorption equilibrium data were analysed according to the non-linear form of the Temkin 
isotherm model and the values of error analysis are shown in Table (6.14) and Table (6.15). Similar 
to Redlich-Peterson isotherm, examining the data shows that the Temkin parameters; and K-p, 
are less consistent with the values derived by linearization method for all BTEX compounds, 
particularly for chitosan. The magnitude of errors for Temkin isotherm is much higher compared 
to the previous models. In addition, the minimum sum of normalized error was the ARE measure 
for benzene, the HYBRID measure for toluene, the SAE measure for ethylbenzene and the ERRSQ 
measure for the xylene isomers for adsorption by chitosan, while the minimum sum of normalized
163
________Kinetic and Removal Mechanisms o f BTEX Compounds from Aqueous Solutions by Chitin, Chitosan and Enhanced Chitosan
error was the ERRSQ measure for benzene, the HYBRID measure for toluene, ethylbenzene and 
xylene isomers for adsorption by modified chitosan.
Table (6.14): Error analysis and values of five different error functions of Temkin isotherm 
model for adsorption of BTEX mixture by chitosan.
ERRSQ HYBRID MPSD ARE SAE
Benzene
fix 0.03952 0.02862 0.01107 0.01305 0.04931
Xr(l/mg) 0.49084 0.14368 0.15133 0.27680 0.22065
Sum ofNormalized Error 2.74954 3.50976 1.85609 1.75398 5.00000
Toluene
Bi 0.38029 0.29880 0.24985 0.12233 0.37736
KriVmg) 0.80112 0.92775 0.17589 0.15687 0.69190
Sum ofNormalized Error 0.85945 0.75611 4.67960 3.90989 0.99259
Ethylbenzene
By 0.16416 0.11340 0.17112 0.30206 0.16841
Xr(l/mg) 0.28801 0.31891 0.57631 0.28761 0.92737
Sum ofNormalized Error 2.35705 2.20622 1.83090 5.00000 1.15474
m-Xylene
Bi 0.28892 0.21234 0.11177 0.12214 0.31323
Kril/mg) 0.95151 0.80528 0.86825 0.87574 0.95294
Sum ofNormalized Error 3.31560 3.98498 3.97878 3.88875 3.42903
o-Xylene
Bi 0.08692 0.08285 0.07711 0.07301 0.07195
Kr(l/mg) 0.22838 0.16843 0.10003 0.69120 0.32800
Sum ofNormalized Error 0.67961 0.90874 1.21734 5.00000 1.19080
p-Xylene
Bi 0.27668 0.22106 0.35631 0.22158 0.36200
KriVmg) 0.97959 0.91959 0.39984 0.81497 0.61378
Sum ofNormalized Error 1.54728 1.89284 5.00000 2.16338 3.11752
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Table (6.15): Error analysis and values of five different error functions of Temkin isotherm model 
for adsorption of BTEX mixture by modified chitosan.
ERRSQ HYBRID MPSD ARE SAE
Benzene
Bi 0.03952 0.02846 0.07000 0.07800 0.04094
Kr{\/mg) 4.90843 2.89623 3.72059 3.75673 4.56729
Sum ofNormalized Error 1.05407 2.25570 3.96726 5.00000 1.15362
Toluene
Bi 0.43643 0.29880 0.36023 0.13274 0.37296
Kr(l/mg) 2.78530 2.02775 2.34103 2.52421 2.69386
Sum ofNormalized Error 5.00000 1.39747 2.60798 1.55880 3.36558
Ethylbenzene
Bi 0.46416 0.41340 0.49664 0.51290 0.46656
K-riVmg) 4.28801 3.89149 4.39795 4.32019 4.99564
Sum ofNormalized Error 3.27431 2.91157 4.66166 4.82995 4.83801
m-Xylene
Bi 0.56664 0.51234 0.51177 0.57398 0.52878
KriVmg) 5.15694 5.05276 5.68250 5.20704 5.23547
Sum ofNormalized Error 4.84416 3.96957 4.39695 5.00000 4.33787
o-Xylene
Bi 0.52838 0.56843 0.52470 0.56184 0.52601
Kj(l/mg) 5.78723 3.38402 5.52306 5.22057 5.74431
Sum ofNormalized Error 4.87878 3.26417 4.62784 4.95597 4.81003
p-Xylene
Si 0.57456 0.52106 0.52123 0.58936 0.52606
X-rtl/mg) 5.23600 5.19591 5.80656 5.17965 5.62482
Sum ofNormalized Error 4.82303 4.01331 4.44393 5.00000 4.39171
Dubinin-Radushkevich Isotherm
The nonlinear Dubinin-Radushkevich isotherm parameters and the error analysis for the adsorption 
of the BTEX mixture onto chitosan and modified chitosan are presented in Table (6.16) and Table
(6.17). Examination of fit of the equilibrium data shows that the linear Dubinin-Radushkevich 
model provides a non-accurate description of BTEX mixture adsorption over the concentration 
range studied, and the values of parameter sets for the nonlinear Dubinin-Radushkevich isotherm 
being less consistent with that of linear form of the isotherm model. Moreover, for the adsorption 
of BTEX mixture the points did not correlate as well with the Dubinin- Radushkevich isotherm 
model which was confirmed by the low coefficients of determination shown in Table (6.6) and 
Table (6.7).The qd values are consistent with the non-linear values previously determined for the 
Dubinin- Radushkevich isotherm. Table (6.16) and Table (6.17) present the values of qd and E 
parameters for the five error analysis. The values of sum of normalized errors are also generally 
high compared to the other models, which indicate the inapplicability of this model to fit the 
experimental data.
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Table (6.16): Error analysis and values of five different error functions of Dubinin-Radushkevich 
isotherm model for adsorption of BTEX mixture by chitosan.
ERRSQ HYBRID MPSD ARE SAE
Benzene 
qa (mg/g) 0.93569 0.93636 0.73899 0.86000 0.93569
Bd 4.236E-10 4.306E-09 5.405E-10 3.505E-10 4.236E-10
Sum ofNormalized Error 4.81235 4.45175 3.42946 4.26816 4.81235
Toluene 
qa (mg/g) 1.34922 0.98888 0.86254 1.83077 1.34922
Bd 7.662E-10 4.389E-10 5.092E-10 2.422E-10 7.662E-10
Sum ofNormalized Error 2.99854 1.98989 1.72793 5.00000 2.99854
Ethylbenzene 
qa (mg/g) 1.02984 0.97580 1.02566 1.02357 1.02984
Bd 3.519E-10 4.260E-10 3.999E-10 5.259E-10 3.519E-10
Sum ofNormalized Error 4.01682 4.59379 4.97550 4.95232 4.01682
m-Xylene 
qa (mg/g) 0.86660 0.97452 0.85290 0.89562 0.86660
Bd 3.911E-10 3.152E-10 2.898E-10 3.333E-10 3.911E-10
Sum ofNormalized Error 4.08239 4.83995 3.99547 4.27904 4.08239
o-Xylene 
qa (mg/g) 0.89564 0.85237 0.78926 0.69833 0.89564
Bd 5.369E-08 2.952E-10 3.153E-10 3.254E-10 5.369E-08
Sum ofNormalized Error 2.80146 3.87305 3.40607 2.85877 2.80146
p-Xylene 
qa (mg/g) 0.89995 0.90529 0.91119 0.91994 0.89995
Bd 3.254E-10 3.416E-10 3.870E-10 3.696E-10 3.254E-10
Sum ofNormalized Error 4.25135 4.28772 4.32715 4.38912 4.25135
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T ab le (6.17): Error analysis and values of five different error functions of Dubinin-Radushkevich
isotherm model for adsorption of BTEX mixture hy modified chitosan.
ERRSQ HYBRID MPSD ARE SAE
Benzene 
<7d (mg/g)
Bd
Sum ofNormalized Error
0.93569
4.236E-10
4.81235
0.93636
4.306E-09
4.45175
0.73899
5.405E-10
3.42946
0.86000
3.505E-10
4.26816
0.93569
4.236E-10
4.81235
Toluene 
(id (mg/g)
Bd
Sum ofNormalized Error
1.34922
7.662E-10
2.99854
0.98888
4.389E-10
1.98989
0.86254
5.092E-10
1.72793
1.83077
2.422E-10
5.00000
1.34922
7.662E-10
2.99854
Ethylbenzene 
(id (mg/g)
Bd
Sum ofNormalized Error
1.02984
3.519E-10
4.01682
0.97580
4.260E-10
4.59379
1.02566
3.999E-10
4.97550
1.02357
5.259E-10
4.95232
1.02984
3.519E-10
4.01682
m-Xylene 
(id (mg/g)
Bd
Sum ofNormalized Error
0.86660
3.911E-10
4.08239
0.97452
3.152E-10
4.83995
0.85290
2.898E-10
3.99547
0.89562
3.333E-10
4.27904
0.86660
3.911E-10
4.08239
o-Xylene 
(id (mg/g)
Bd
Sum ofNormalized Error
0.89564
5.369E-08
2.80146
0.85237
2.952E-10
3.87305
0.78926
3.153E-10
3.40607
0.69833
3.254E-10
2.85877
0.89564
5.369E-08
2.80146
p-Xylene 
(id (mg/g)
Bd
Sum ofNormalized Error
0.89995
3.254E-10
4.25135
0.90529
3.416E-10
4.28772
0.91119
3.870E-10
4.32715
0.91994
3.696E-10
4.38912
0.89995
3.254E-10
4.25135
6.3.4 Factors Affecting Adsorption o f BTEX Mixture by Chitosan and Chemically 
Modified Chitosan
6.3.4.1 Effect of Total Initial Concentration of BTEX mixture
The effect of total initial concentration of BTEX mixture, Co, on the extent of adsorption on chitosan 
and chemically modified chitosan, at adsorbent dose of 0.5 g, is shown in Figure (6.17) and Figure
(6.18). The amount of BTEX mixture adsorbed per unit mass of adsorbent is generally increased 
with increasing the total initial BTEX mixture concentration until plateau was reached. Increasing 
the initial concentration of BTEX mixture would increase the driving force necessary to overcome 
the resistances to mass transfer of BTEX molecules from the bulk solution to the solid surface. 
Additionally, the increase in Co would also enhance the interaction between BTEX molecules and 
the adsorbents. Thus, an increase in total initial concentration of BTEX would enhance the BTEX 
adsorption uptake for both adsorbents. By comparing Figure (6.17) and Figure (6.18), the 
adsorption of BTEX mixture by chemically modified chitosan is much better than chitosan.
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Figure (6.17): Effect of initial BTEX concentrations on removal of BTEX by chitosan (adsorbent 
dosage = 0.5 g/1; room temperature = 22 ± 1 °C).
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Figure (6.18): Effect of initial BTEX concentrations on removal of BTEX by modified chitosan 
(adsorbent dosage = 0.5 g/1; room temperature = 22 ± 1 °C).
6.3.4.2 Effect o f Adsorbent Dose
The effect of adsorbent dosages {M) on the uptake of BTEX by chitosan and modified chitosan was 
studied at fixed total initial BTEX mixture concentration of 50 mg/l as shown in Figure (6.19) and 
Figure (6.20). The results reveal that the removal of BTEX increased with increasing the adsorbent 
dose. The BTEX removal at adsorbent dose greater than 10 mg/ml, was found to remain almost 
unchanged. At low values of adsorbent dose (M<10 mg/ml), as the adsorbent concentration 
increase, the removal efficiency of BTEX increased sharply. This trend was expected since the
1 6 8
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adsorbent particles surrounding the adsorbate molecules increased and hence more BTEX 
molecules were attached to these particles. The increase in the uptake of BTEX mixture with the 
adsorbent dose can also be attributed to the availability of greater surface area and thus more 
adsorption sites. Furthermore, at this stage, the adsorbent surface sites were also saturated with 
BTEX molecules and the residual BTEX concentrations remained large in the solution and hence 
an increase in M  would increase the BTEX removal.
18
Ç-16
&14
I"
Ü
o  8  Ü
* Benzene
—■— Toluene
*  Ethylbenzene
m-Xylene
—*—  o-Xylene
—• —  p-Xylene
^ -------- Î— “ = * -------------------- Î
--------------------Î-------------------- Î---------------------* -------------------
10 15 20 25
Adsorbent Concentration (mg/ml)
30
Figure (6.19): Dynamics of BTEX uptake by chitosan for various adsorbent dosages (total initial 
BTEX concentration = 50 mg/l; room temperature = 22 ± 1 °C).
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Figure (6.20): Dynamics of BTEX uptake by chemically modified chitosan for various adsorbent 
dosages (total initial BTEX concentration = 50 mg/l; room temperature = 22 ± 1 °C).
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At high range of adsorbent dosages (M>10 mg/ml), the incremental BTEX removal was very low, 
due to the equilibrium that existed between the BTEX concentration on the solid phase and in the 
bulk solution. There were very slight differences between the trends of BTEX uptake by chitosan 
and modified chitosan. The data clearly shows that the BTEX removal by modified chitosan was 
the highest compared to the original chitosan. However, interestingly, the modified chitosan was 
found to obtain the highest removal efficiency from a minimum adsorbent dosage of less than 7 
mg/l.
6.3.4.3 Effect o f C ontact Tim e
The adsorption data for the BTEX uptake by chitosan and chemically modified chitosan versus the 
contact time at a total initial BTEX mixture concentration 50mg/l and at room temperature, is 
presented in Figure (6.21) and Figure (6.22).
The results obtained reveal that the uptake of BTEX is fast at the initial stage of the contact period, 
and thereafter, being slower near the equilibrium stage. In between these two adsorption stages, the 
rate of BTEX uptake is found to be almost constant. This is obvious due to the fact that a large 
number of vacant sites on the surface are available for attachment during the initial stage of contact 
period, and after a lapse of time, the remained vacant sites were difficult to be occupied because of 
the repulsive forces between the BTEX molecules on the surface of solid phase and in the bulk 
solution, and hence the adsorption process is ceased indicating equilibrium.
■ Benzene 
■Toluene 
■Ethylbenzene
m-Xylene
■ o-Xylene
■ p-Xylene
10 15 20
Tim e (hr)
25 30 35
Figure (6.21): Effect of contact time on removal of BTEX mixture by chitosan (adsorbent dosage
= 0.5 g/1; room temperature = 22 ± 1 °C).
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Figure (6.22): Effect of contact time on removal of BTEX by chemically modified chitosan 
(adsorbent dosage = 0.5 g/1; room temperature = 22 ± 1 °C).
The rate of BTEX uptake by the adsorbents is found to be very rapid during the initial stage of the 
experiment; initial 8 hrs for chitosan and 5 hrs for modified chitosan, and thereafter the rate of 
BTEX uptake decreased. Therefore, the equilibrium time required for the adsorption of BTEX 
mixture by both adsorbents, namely, chitosan and modified chitosan, is almost 8 hrs and 5 hrs, 
respectively. It was also observed that there was no significant change in BTEX uptake after about 
10 hrs for the two adsorbents. However, the aqueous solutions of BTEX mixture were kept in 
contact with the adsorbents for 24 h for all experiments to ensure equilibrium. Overall, the results 
shows that the rate of adsorption into chemically modified chitosan is faster than chitosan. Similar 
trends were observed for different BTEX compounds by the two adsorbents.
6.3.5 Adsorption Kinetics
The pseudo-first order kinetic equation, pseudo-second order kinetic equation, Bangham's equation 
and intra-particle diffusion equation were applied to analyse the adsorption kinetics and to 
determine the specific rate constants of BTEX adsorption on chitosan and chemically modified 
chitosan. The kinetic parameters were determined from various kinetic equations as presented in 
Table (6.18).
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Table (6.18): Kinetic models.
Kinetic Model Equation Parameter Y-axis X-axis
Pseudo-first order 
Pseudo-second order 
Intrapartiele diffusion
t  1 1
Bangham's equation log log { ------ ^—  ) = log (  ° ]  -1- a log t
uiO =  Y  -  u(t)] t
log log
t/% t
X /M
Pseudo-First Order Rate Model
The linearized plots of pseudo-first order rate model obtained for different BTEX compounds are 
presented in Figure (6.23) and Figure (6.24). The values of various kinetic constants and the 
correlation coefficients, are summarised in Table (6.19) and Table (6.20). The plot of 
ln[ 1 -  U(t)] versus t gives a straight line passing through the origin, however, some of the adsorption 
kinetic data do not fit this equation well, as for instance the values for ethylbenzene, m-xylene 
and p-xylene are found to be 0.812, 0.793 and 0.859, respectively, in the case of chitosan, and for 
benzene, m-xylene and o-xylene are found to be 0.939, 0.935 and 0.888, respectively, in the case 
of modified chitosan at total initial BTEX concentration of 50 mg/l.
0.0
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•  p-Xylene
#
10 12
Time (hr)
Figure (6.23): Pseudo-first order kinetic model of BTEX mixture adsorption on chitosan (total 
initial BTEX concentration = 50 mg/l; adsorbent dose = 0.5 g; room temperature = 22 ± 1 °C).
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Figure (6.24): Pseudo-first order kinetic model of BTEX mixture adsorption on modified 
chitosan (total initial BTEX concentration = 50 mg/l; adsorbent dose = 0.5 g; room temperature
22 ± 1 °C).
Table (6.19): Kinetic model parameters for BTEX mixture adsorption on chitosan.
Kinetic Model Parameter Benzene Toluene Ethylbenzene m-Xylene o-Xylene p-Xylene
Kf (hr-h 0.435 0.477 0.489 0.667 0.528 0.715
Pseudo-first
order (linear) 0.963 0.955 0.812 0.793 0.974 0.859
(non-linear) 0.987 0.997 0.966 0.964 0.991 0.988
h (mg/(g.hr)) 0.013 0.105 0.302 0.346 0.348 0.363
Ks(g/(mg.hr)) 11.340 0.694 1.474 1.511 1.530 1.587
Pseudo-second 0.034 0.390 0.453 0.478 0.477 0.478
order
R^  (linear) 0.987 0.981 0.979 0.990 0.992 0.977
R^  (non-linear) 0.992 0.995 0.995 0.998 0.999 0.999
K  (g) 3.266E-04 3.667E-04 5.719E-04 6.469E-04 7.426E-04 5.607E-04
Bangham
a 0.542 0.573 0.652 0.662 0.745 0.752
R^  (linear) 0.976 0.992 0.993 0.978 0.903 0.952
R^  (non-linear) 0.976 0.993 0.995 0.987 0.990 0.997
hd  (mg/(g.hr‘''2)) 0.018 0.022 0.085 0.130 0.091 0.149
Intra-particle / (mg/g) 0.003 0.001 0.002 0.028 0.054 0.016
diffusion R^  (linear) 0.966 0.987 0.998 0.982 0.954 0.915
R^  (non-linear) 0.970 0.990 0.999 0.995 0.991 0.999
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Table (6.20): Kinetic model parameters for BTEX mixture adsorption on modified chitosan.
Kinetic Model Parameter Benzene Toluene Ethylbenzene m-Xylene o-Xylene p-Xylene
Kf (hr-h 0.518 0.549 0.578 0.742 0.944 0.981
Pseudo-first
order (linear) 0.939 0.970 0.978 0.935 0.888 0.983
(non-linear) 0.991 0.986 0.996 0.999 0.901 0.998
h (mg/(g.hr)) 0.026 0.212 0.748 0.803 0.869 0.860
AT^ (g/(mg.hr)) 1.494 0.645 1.680 1.642 1.632 1.453
Pseudo-second %„(mg) 0.131 0.573 0.667 0.699 0.730 0.769
order
R^  (linear) 0.961 0.958 0.981 0.975 0.984 0.991
R^  (non-linear) 0.997 0.994 0.998 0.997 0.998 0.999
ko (g) 5.127E-04 5.766E-04 7.724E-04 7.629E-04 9.401E-04 1.048E-03
Bangham
a 0.949 0.950 0.956 0.958 0.985 0.980
R^  (linear) 0.960 0.941 0.964 0.941 0.932 0.967
R^  (non-linear) 0.996 0.995 0.998 0.997 0.997 0.998
kid (mg/(g.hr'^)) 0.046 0.352 0.114 0.193 0.143 0.164
Intra-particle I (mg/g) 0.008 0.027 0.035 0.055 0.098 0.162
diffusion R^  (linear) 0.920 0.913 0.925 0.915 0.912 0.923
R^  (non-linear) 0.998 0.996 0.999 0.998 0.911 0.997
Pseudo-Second Order Rate Model
Using the pseudo-second order adsorption rate equation, t!X was plotted versus t at the same initial 
BTEX concentrations for the two adsorbents as shown in Figure (6.25) and Figure (6.26). The 
amounts of BTEX adsorbed at equilibrium (Xe) and the initial adsorption rate {h) along with the 
values of second order kinetic constant, Ks, were calculated from the linear fitting of the data; Table
(6.19) and Table (6.20).
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Figure (6.25): Pseudo-second order kinetic model of BTEX mixture adsorption on chitosan (total 
initial BTEX concentration -  50 mg/l; adsorbent dose = 0.5 g; room temperature = 22 ± 1 °C).
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Figure (6.26): Pseudo-second order kinetic model of BTEX mixture adsorption on modified 
chitosan (total initial BTEX concentration = 50 mg/l; adsorbent dose = 0.5 g; room temperature
22 ± 1 °C).
The values ofXe and h increased in the order B<T<E<X for chitosan and modified chitosan. It was 
observed that the values of BTEX uptake by modified chitosan were the highest and the uptake by 
chitosan was the lowest, which is consistent with the results obtained earlier. Table (6.19) and Table
(6.20) shows that the linear and the non-linear correlation coefficients, R^, obtained for the pseudo- 
second order kinetic model are higher and closer to unity than that of the pseudo-first order kinetic 
model for chitosan and modified chitosan. The pseudo-second order kinetic results showed that the 
plots were linear with high correlation coefficients (>0.950). Therefore, it was found that the 
adsorption of BTEX onto chitosan and modified chitosan obeyed the second order kinetic model. 
Ma and Zhu (2007) and Mohan et al. (2004) have also reported the pseudo-second order rate model 
for the adsorption of organic compounds, respectively (Mohan et al., 2004, Ma and Zhu, 2007).
Intra-particle Diffusion Study
The kinetics data was employed to demonstrate the participation of the intra-particle diffusion 
model in the adsorption process. The plots of the mass of BTEX adsorbed per unit mass of adsorbent 
versus the square root of time for chitosan and modified chitosan are presented in Figure (6.27) and 
Figure (6.28), respectively. The data points in this figure are related by straight lines, which indicate 
the pore diffusion. When the linear portions of the plots were extrapolated to give the y-intercept, 
the boundary layer thickness can be measured. However, the straight lines obtained do not pass 
through the origin. The deviation of these lines from the origin can be attributed to the difference 
in the mass transfer rate in the initial and final stages of the adsorption process. Furthermore, such 
deviation indicates that the pore diffusion is not the only controlling step in the adsorption, Al-
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Asheh et al. (2003) and Srivastava et al., (2006) have observed similar phenomena. The results 
obtained for chitosan and modified chitosan, Figure (6.27) and Figure (6.28), show some curvature 
that is usually due to the effects of boundary layer diffusion or external mass transfer (Al-Asheh et 
al., 2003, Srivastava et al., 2006).
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Figure (6.27): Relationship between BTEX mixture uptake and the square root of time using 
chitosan (total initial BTEX concentration = 50 mg/l; adsorbent dose: 0.5g; room temperature =
22 ± 1 °C).
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Figure (6.28): Relationship between BTEX mixture uptake and the square root of time using 
modified chitosan (total initial BTEX concentration = 50 mg/l; adsorbent dose: 0.5g; room
temperature = 22 ± 1 °C).
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It was found that the straight lines of XIM  versus were more closely passing through the origin 
in the case of chitosan and hence the intra-particle diffusion can be assumed to be more controlling 
step for their adsorption process than chemically modified chitosan. The slope of the Weber and 
Morris plots represents the rate parameter, Arid, which characterise the rate of adsorption in the region 
where intra-particle diffusion is controlling. The values of Arid are given in Table (6.19) and Table
(6.20), which show the xylene isomers exhibits the highest values of hi followed by ethylbenzene, 
toluene and benzene. The values of linear and non-linear correlation coefficients are given in Table
(6.19) and Table (6.20), which indicates that the Weber and Morris model gives well representation 
of the data.
Bangham's Equation
The double logarithmic plots of Cq/{C q — ^  m) versus log t  for adsorption of BTEX compounds 
by chitosan and chemically modified chitosan give straight lines and are presented in Figure (6.29) 
and Figure (6.30). Values of the equation constants, Uq and a, are determined from the plots and 
shown in Table (6.19) and Table (6.20). These straight lines obtained indicate the two stages of 
adsorption; an initial rapid adsorption reaction followed by a slow stage of adsorption. The linearity 
of the double logarithmic plots, indicates that the diffusion of BTEX compounds into the pores is a 
controlling step in the adsorption process.
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Figure (6.29): Bangham's equation model of BTEX mixture adsorption on chitosan (total initial 
BTEX concentration = 50 mg/l; adsorbent dose = 0.5 g; room temperature = 22 ± 1 °C).
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Figure (6.30): Bangham's equation model of BTEX mixture adsorption on chitosan (total initial 
BTEX concentration = 50 mg/l; adsorbent dose = 0.5 g; room temperature = 22 ± 1 °C).
6.4 Conclusions
The adsorption of BTEX onto chitosan and chemically modified chitosan has been shown to be a 
promising alternative technology to deal with this type of organic compounds in wastewater 
treatment, particularly the modified chitosan. Both the equilibrium and kinetic studies were 
performed in batch mode; to determine various parameters in the adsorption process. Among the 
adsorbents studied, modified chitosan can be considered as the best adsorbent tested in this study 
for the removal of BTEX mixture from aqueous solutions followed by chitosan.
In general, the linear regression showed that the Langmuir model is best fit the experimental data 
for two parameters model, and the Redlich-Peterson for three parameters model. However, the non­
linear regressions indicated that the Langmuir isotherm model provided the best quality of fit for 
the isotherm equilibrium data, for both chitosan and modified chitosan.
The adsorption of BTEX mixture from the aqueous solutions on chitosan is found to be mainly 
dependent on the initial concentration of BTEX, adsorbent dose, and the contact time. The data 
showed that the chemically modified chitosan has considerable potential for the BTEX removal 
from aqueous solutions over a wide range of initial concentrations. An increase in the adsorbent 
concentration resulted in an increase in the BTEX uptake by the sorbents tested in this work. The 
optimum adsorbent dose for removal of BTEX by chitosan and modified chitosan were found to be 
10 mg/ml of solution with total initial BTEX concentration of 50 mg/l. The kinetic of the adsorption 
process indicates that a minimum contact time; 8 hrs and 5 hrs for chitosan and modified chitosan.
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respectively, is required to attain equilibrium conditions between the concentration of BTEX 
mixture in the solution and on the adsorbent surface.
The pseudo-second order rate equation is more applicable in modelling the adsorption kinetic than 
the pseudo-first order rate equation regardless of the type of the adsorbent and the adsorbate used. 
The sorption rate was highest for adsorption on modified chitosan. It was also found that the 
intraparticle diffusion is an essential rate-controlling step in the overall adsorption process. Overall, 
the BTEX uptake by chemically modified chitosan improved significantly as a large number of 
carboxyl groups were presented in the microspheres after modification.
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Chapter 7
Effects of Competing Ions on 
Adsorption of BTEX Compounds 
from Aqueous Solution by 
Chitosan and Enhanced Chitosan
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In general, wastewater effluents are described by the presence of several organic and inorganic ions 
which may be competitive to the selective adsorption of BTEX by chitosan and enhanced chitosan. 
In order to study this phenomenon, the effects of major co-existing competing ions including 
sulfate, phosphate and ammonium ions on the BTEX adsorption isotherms and kinetics using 
chitosan and enhanced chitosan was examined, at concentration range of 10 to 200 mg/1 and 25 °C. 
The effects of various experimental parameters on the adsorption process were investigated.
7.1 Chemicals and Materials
7.1.1 Adsorbate and adsorbents
Benzene, toluene, ethylbenzene, p-xylene, m-xylene, and o-xylene (BTEX) compounds used 
throughout this experiment were of analytical grade with >99% purity and supplied by Fluka, UK. 
Potassium phosphate, sodium sulphate and ammonium chloride were purchased from Sigma- 
Aldrich, UK. The stock standard solutions were prepared by mixing the appropriate proportions of 
benzene, toluene, ethylbenzene, p-xylene, m-xylene, and o-xylene; BTEX, in quantities consistent 
with the composition of super unleaded 92 octane-gasoline; as described in the previous chapter. 
The test solutions were prepared by adding deionized distilled water to the stock solution and 
desired quantities of inorganic salts.
The natural chitosan from crushed crab shells was obtained from Sigma Chemicals, UK, and was 
used in the present study without any further purification. Chemically modified chitosan was 
prepared as described earlier.
7.2 Experimental Procedure
Equilibrium and kinetic adsorption studies were carried out to remove the BTEX compounds from 
aqueous solutions in the presence of competing ions, following the procedure already described 
previously. BTEX experiments were conducted in batch mode at ambient temperature (25 ± 1 °C), 
to estimate the characteristics of BTEX adsorption under different water quality conditions to 
generate meaningful information that could be employed in predicting the adsorption behaviour of 
BTEX compounds in real system for practical applications. Since most of the adsorption medium 
in practical columns rarely achieve equilibrium conditions with the influencing concentrations 
(Tang et al., 2009), the concentrations of BTEX sorbed onto solid surface in columns are 
considerably higher than that for aqueous BTEX concentrations. So as to perform similar scenario 
in a batch system that can produce similar density of BTEX sorption, high initial BTEX 
concentrations should be examined, hence the concentrations of BTEX after adsorption would be 
still in the range of concentrations for real aqueous BTEX concentrations to lower than that of water 
standards. In this study, a broad range of BTEX concentrations of 10 to 200 mg/1 was selected and
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was used for batch adsorption system. The experimental procedure consisted of: (i) appropriate 
amount of selected adsorbents were distributed in glass tubes; (ii) solution containing certain 
concentrations of BTEX mixture were added to each of these tubes; (iii) and for competitive 
adsorption experiments, a pre-selected concentration of competing ion solution were added to the 
tubes; (iv) all the tubes were sealed and shake till equilibrium reached. For kinetic studies, various 
periods of contact times (2, 4, 6, 8, 12, and 24 hrs) were used. For equilibrium studies, 24 hrs of 
contact time was chosen; (v) after shaking, the suspension was analysed immediately using GC- 
MS, and BTEX and major ions were measured.
7.3 Results and Discussion
7.3.1 Adsorption Isotherm Studies
A variety of ions generally coexist with BTEX in contaminated wastewater, such as sulphate, 
phosphate and ammonium, which also influence the BTEX adsorption through competition for the 
same vacant sites on the solid surface. In this study, the adsorption of BTEX compounds by chitosan 
and modified chitosan in the presence of major competing ions, namely, phosphate, sulphate and 
ammonium, were carried out to evaluate their effects on the system. Five isotherm models, the 
Langmuir, Freundlich, Redlich-Peterson, Temkin, and Dubinin-Radushkevich isotherms, were 
fitted to the equilibrium data to identify the detailed adsorption process, such as the mechanism of 
adsorption, monolayer or multilayer adsorption, maximum theoretical adsorption capacity, etc. The 
parameters for each isotherm were determined by linear and nonlinear regression analysis, in order 
to identify the best model to fit the data. The isotherm models were linearized and then analysed by 
linear regression. The BTEX compounds initial concentrations used to calculate the parameters of 
the isotherm models were benzene 2.2 mg/1, toluene 16 mg/1, ethylbenzene 5.5 mg/1, m-xylene
9.3 mg/1, o-xylene 7.6 mg/1, and p-xylene 9.3 mg/1, total BTEX concentration of 50 mg/1. The 
concentrations of all competing ions in solution were kept at 30 mg/1 in each case. The results of 
fitting the isotherm models for the adsorption of BTEX mixture in the presence of competing ions 
onto chitosan and modified chitosan are presented in appendix C. The maximum adsorption 
percentage can be arranged in the order of B<T<E<X. It is worth noting that for two parameter 
model, the Langmuir isotherm model was found to best fit the equilibrium data. The Langmuir 
isotherm assumes the uptake of BTEX on a homogeneous surface by mono-layer adsorption without 
any interaction between the molecules adsorbed. The results showed that the values of Ri were less 
than 1 for BTEX adsorption onto chitosan and modified chitosan; hence the favourable process is 
adsorption. The values of Freundlich constants (K) and (l/«) for modified chitosan were higher 
compared to chitosan, which indicates the higher adsorption capacity toward BTEX compounds. 
Observations of the adsorption data and the values of R  ^shows that, overall, the Redlich-Peterson
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for three parameter model represent the best models to fit the data for the adsorption of BTEX 
mixture onto chitosan and modified chitosan based on the high values of R .^ The higher values 
indicate higher is the adsorption capacity and hence the more favourable is the adsorbate. The 
Temkin model provides a reasonable fit to BTEX adsorption, while the Dubinin-Radushkevich 
model does not provide an accurate description of the data over the range of concentrations studied 
and this is confirmed by the low values of, R^, presented in appendix C.
7.3.2 Kinetic Studies
Various kinetic models were used to fit the data obtained for BTEX adsorption by chitosan and 
modified chitosan; namely, the pseudo-first order and pseudo-second order rate equations, 
Bangham’s equation and the intra-particle diffusion equation. The kinetic studies revealed that the 
BTEX rate curves exhibited a pseudo second order rate model, in which the correlation coefficients, 
R^, obtained were higher than other kinetic models for the two selected adsorbents. The BTEX 
adsorption equilibrium was reached within 8 h of contact time; appendix D.
7.3.3 Effects o f Competing Ions
The results showing the effects of competing ions on the adsorption of BTEX compounds from 
aqueous solutions by chitosan and modified chitosan are tabulated in Table (7.1) and Table (7.2), 
respectively. It can be seen that the uptake of BTEX compounds by chitosan decreased by less than 
10% in the presence of ammonium ions, whereas, phosphate and sulphate ions decreased the BTEX 
uptake by more than 10%. The BTEX adsorption by modified chitosan reduced by less than 15% 
when major ions co-exist in the solution. Therefore, it is suggested that it would be better to remove 
such ionic groups from contaminated waters prior to their adsorption onto chitosan and modified 
chitosan.
Table (7.1): Effects of competing ions on the adsorption of BTEX mixture from aqueous solutions 
into chitosan (total initial BTEX concentration = 50 mg/1, concentration of competing ion = 50 
mg/1, adsorbent dosage = 0.5 g, room temperature = 22 ± 1 °C).
Hydrocarbon compound Competing ion (% reduction in adsorption)
Phosphate Sulphate Ammonium
Benzene 18 13 3
toluene 26 17 5
Ethylbenzene 35 21 9
m-Xylene 31 17 7
o-Xylene 15 12 8
p-Xylene 22 13 5
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Table (7.2): Effects of competing ions on the adsorption of BTEX mixture from aqueous solutions 
into modified chitosan (total initial BTEX concentration = 50 mg/1, concentration of competing ion 
= 50 mg/1, adsorbent dosage = 0.5 g, room temperature = 22 ± 1 °C).
Hydrocarbon compound Competing ion (% reduction in adsorption)
Phosphate Sulphate Ammonium
Benzene 10 6 3
Toluene 9 5 4
Ethylbenzene 11 8 4
m-Xylene 7 4 0
o-Xylene 13 4 2
p-Xylene 10 8 3
The effects of concentration of competing ions on BTEX adsorption is also shown in Figure (7.1) 
and Figure (7.2). The total initial concentration of BTEX was kept at 50 mg/1 in all experiments, 
whereas the concentrations of other ions varied from 10 to 50 mg/1. It is evident from the figures 
that the BTEX adsorption percentage ratio decreased significantly when the phosphate 
concentration increased from 0 to 50 mg/1. The adsorption of phosphate ions is generally as an 
inner-sphere complex, whereby phosphate ions replaces the hydroxyl groups from surface (de la 
Noiie and Proulx, 1988, He et al., 1997, Tang et a l, 2009). BTEX adsorption also decreased to 
some extent when sulphate ions were present in the system; Figure (7.1) and Figure (7.2). Previous 
researches suggested that sulphate ions form both inner-sphere and outer-sphere surface complexes 
(Tor et a l, 2006, Tang et a l, 2009). Ammonium ions had much less impact on BTEX adsorption 
from aqueous solution, compared to other competing ions examined. It was found that 
electronegative molecules are more attracted to chitosan surface. Crini and Badot reported that more 
electronegative molecules are more stronger to be attached to the chitosan material (Crini and 
Badot, 2008).
Overall, the impact of major ions on BTEX adsorption by chitosan and modified chitosan followed 
the order of P 0 |" >  SOl~ > NH^, reflecting the relative affinity of such ions for the selected 
adsorbents. The impact on chitosan is greater than modified chitosan.
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Figure (7.1): Effects of major competing ions on adsorption of BTEX by chitosan (total initial 
BTEX concentration = 50 mg/1, adsorbent dosage = 0.5 g, room temperature = 22 ± 1 °C).
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Figure (7.2): Effects of major competing ions on adsorption of BTEX by modified chitosan (total 
initial BTEX concentration = 50 mg/1, adsorbent dosage = 0.5 g, room temperature = 22 ± 1 °C).
7.4 Application to Practice
The BTEX removal method used in this study is straightforward and has the potential of application 
to various contaminated real systems of wastewaters that are desired to be analysed by simple 
methods. Thus, this method can be used to analyse the industrial wastewater systems that would
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warrant positive perspective future use in the BTEX and organic compounds fields. The results of 
this study can be used to design a batch adsorption system in a treatment plant for BTEX- 
contaminated wastewaters where the removal or recovery of this compound can be achieved on a 
large scale. Such an adsorption system may be applicable to refineries generating BTEX-containing 
wastewaters. The adsorbent can be brought in contact with the wastewater for the equilibrium time 
found from this study. The amount of adsorbent required can be obtained from the adsorption 
isotherm data. Major competing ions that exists in real systems and have adverse effects on the 
BTEX adsorption were also studied here. The liquid can then be discharged or further treated to 
recover the BTEX compounds, the used adsorbent has to be suitably regenerated or disposed of.
7.5 Conclusions
In wastewater effluents, several ions may present, and a selective adsorption of these ions by 
chitosan and modified chitosan is expected. In order to study such phenomena, the effects of major 
coexisting competing ions such as phosphate, sulphate and ammonium ions on the behaviour of 
BTEX adsorption by chitosan and modified chitosan kinetic and equilibrium were investigated. 
Isotherm models were used to describe the BTEX adsorption with and without competing ions. All 
experimental BTEX sorption isotherms exhibited a similar shape resembling that of Langmuir type 
isotherm model. In all experiments, BTEX adsorption kinetic curves exhibited a common 
characteristic which is the pseudo second order rate model. The BTEX adsorption equilibrium was 
reached within 8 h of contact time. The effects of competing ions on BTEX adsorption followed 
the sequence P 0 |~  > 501“ >  NH}. Although, POl~ ions had an appreciated effect on the BTEX 
removal by chitosan under the experimental conditions examined, the presence of ions was 
less to alter the affinity of chitosan for BTEX.
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8.1 Conclusions
Although several physicochemical processes are widely utilised by industries in the successful 
treatment of wastewaters, treatment of BTEX contaminated wastewater by adsorption is one of the 
most effective processes due to its being technologically and economically feasible. Adsorption 
process can offer high percentage removal of organic compounds and hence can be utilised by 
industries to economically meet the higher standard levels for wastewater effluents as well as the 
water reuse requirements. In countries such as the GCC countries, alleviating the industrial demand 
for water by reusing the treated wastewater as a non conventional source of water that supplement 
the desalinated water and the ground water will ameliorate the stress on clean water. The 
technologies available at present for the treatment of refineries wastewater-containing BTEX 
compounds are generally applied to a very wide range of BTEX concentrations. However, the 
wastewaters produced by refineries have a very complex mixture; and hence every attempt to 
evaluate the feasibility of using a specific treatment technique should be separately made through 
an experimental approach.
In this regards, the potential of BTEX removal from aqueous solutions by low-cost and abundantly 
available sorbents such as chitin and chitosan was assessed in this study. A laboratory work was 
conducted in the adsorption of BTEX from aqueous solutions by chitin, chitosan and chemically 
modified chitosan. A comprehensive evaluation of the efficiencies of selected sorbents in the 
adsorption of BTEX under various experimental conditions of initial BTEX concentration, 
adsorbent dose, contact time, and the presence of competing ions was carried out. However, the 
efficiencies of the adsorbents are not only related to the equilibrium features of the system but also 
to the kinetics of the adsorption process. The following conclusions have been mainly drawn from 
the completed experimental work:
• The adsorption of BTEX by chitin and chitosan has shown to be a promising alternative 
technology to deal with this type of volatile organic compounds. Both the equilibrium and 
kinetic studies were performed in batch mode to determine various parameters in the adsorption 
process.
• The natural chitosan showed higher adsorption capacities toward BTEX compounds compared 
to the natural chitin under the same experimental conditions.
• Analysis of the linearized isotherm plots showed that the Redlich-Peterson model accurately 
describes the adsorption of BTEX on the selected adsorbents, since the values of are higher 
than the other isotherm models. In the case of non-linearized regression observations, Langmuir 
isotherm model provided the lowest error values and hence best fit the data for BTEX
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adsorption onto the selected adsorbents. Although, the high correlation coefficients, R ,^ of 
linearized analysis were obtained for Langmuir and Redlich-Peterson models, with higher 
correlation coefficient of Redlich-Peterson model compared to the Langmuir model.
In general, the adsorption of BTEX compounds onto the adsorbents is found to be dependent 
on the initial concentrations of adsorbate, adsorbent dose and contact time. The initial adsorbate 
concentration and the adsorbent dose were both critical parameters for the BTEX removal by 
the two adsorbents, as it is believed that these parameters may determine the extent of the 
driving force of the mass transfer of BTEX molecules from the bulk solution to the solid phase. 
The kinetic studies revealed that the pseudo-second order rate equation was more applicable 
for modelling the adsorption kinetic than the pseudo-first order rate equation for both 
adsorbents. The correlation coefficients, R ,^ obtained for the pseudo-second order kinetic model 
were closer to unity. The adsorption rate of BTEX was highest for chitosan.
Chitosan have been proved to be promising alternative adsorbents and demonstrated to be 
effective in removal of BTEX from aqueous solutions; however its adsorptive capacity and, 
consequently, its possible utilization in the treatment of BTEX wastewaters, were found to be 
limited (e.g. maximum removal not exceeding 73% for m-xylene adsorption by chitosan). To 
reinforce the chemical stability of the polymer in an acidic and alkali media, a chemical 
modification of chitosan by cross-linking were carried out and in order to enhance its adsorption 
capacities, a following chemical modification step by grafting were conducted.
A novel hybrid polymer was produced which had the advantages of the natural and synthetic 
units, as the chemical modification of chitosan enhanced physical and chemical stability, 
increased the superficial area and the porosity of the solid chitosan, and increased the 
accessibility and diffusion of pollutants to internal sites; and thus can be used for various 
environmental applications.
Chemical modification of chitosan by crosslinking and grafting were confirmed and 
characterised using FTIR, SEM, EDX and TO A analyses.
The adsorptive capacities of BTEX by modified chitosan were higher compared to raw chitosan 
by around 104% for benzene, 61% for toluene, 50% for ethylbenzene, 60% for m-xylene, 66% 
for o-xylene and 67% for p-xylene.
Studying the effects of major co-existing competing ions showed that the uptake of BTEX 
compounds by modified chitosan reduced by less than 15% when major ions co-exist in the 
solution; i.e. ammonium, phosphate and sulphate ions. However, it would be better to remove 
such ionic groups from contaminated waters prior to their adsorption onto modified chitosan. 
The batch adsorption method used in this study for the removal of BTEX by the adsorbents has 
the potential of application to various systems of wastewater. The results of this study can be
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used effectively in designing an adsorption system in an industrial treatment plant and to treat
BTEX-contaminated wastewaters.
Although the main focus of this work was the BTEX removal from aqueous solutions, it was 
recognised that much of the information provided would be equally valid for the industrial treatment 
of real contaminated wastewaters. Chitosan has been shown to offer many exciting possibilities in 
water treatment and environmental control applications. The prospect of treatment of organic- 
contaminated wastewater, the ability to meet more stringent regulatory standards for effluents as 
well as the water reuse requirements is also attractive, particularly if the ultimate aim of recovery 
and regeneration of materials can be achieved.
8.2 Recommendations for Future W ork
In spite of the positive effect of chitin and chitosan in the removal of BTEX compounds from 
aqueous solutions, the process seems to have a limited BTEX uptake. However, it can be optimised 
by chemical treatment of the adsorbents to enhance their efficiencies. Hence, chemical treatment of 
such adsorbents before using them in adsorption may lead to improvements in their efficiencies for 
BTEX removal. By combining the adsorption with other treatment processes, or further treatment 
stage; for instance a membrane separation stage conducted prior to the adsorption may result in the 
releasing only the smaller and more easily adsorbable molecules. Some works that can be found in 
the literature focused on the treatability of adsorbents and investigation of integrated processes 
(Gogate, 2004 and Rivas et a l, 2006). Future researches should focus on the demonstration of larger 
scale adsorption, comprehensive economical assessments of the proposed adsorbents and BTEX 
adsorption technology.
Performing adsorption studies on real types of industrial effluents would have been advantageous 
to demonstrate the applications of the selected adsorbents for BTEX removal. The effects of other 
competing ions, which at realistic levels are likely to occur in practice, should be assessed in the 
future work. For instance, the refineries wastewater normally contains many organic and inorganic 
impurities that may affect the uptake of BTEX from aqueous solutions (Franz et al., 2000) and 
hence they should be considered in the overall adsorption process. Thus, future study should also 
investigate adverse effects of the addition of such organic and inorganic competing ions.
A more detailed understanding of the behaviour of the adsorbents under alkaline and acidic 
conditions is also required, because many adsorbents undergo partial dissociation under certain pH 
conditions and hence affect the BTEX uptake from the solution. This could be achieved through a 
comprehensive microstructural study with the use of X-ray diffraction analysis and thus monitoring
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the adsorbent framework. This will provide further insight into the adsorbent stability and the loss 
of BTEX removal capacity observed under alkaline pH.
The classical approach to the adsorbents selectivity is the construction of adsorption isotherms, 
from which the equilibria can be derived and modelling the selectivity performed. Whilst it is 
acknowledged that this study examined the well known adsorption isotherms; such as Langmuir 
isotherm model, these models were applied based on the assumption that the interactions occurs 
only in the solid-liquid interface, without any consideration to the other liquid interactions; sorbate- 
water interactions. This assumption is satisfactory to some extent, but is not always guaranteed. 
The interactions might also take place with the liquid as well as the solid phase or with the solid 
phase only, Figure (8.1). So, we suggest further study for the other two possible cases.
Liquid-Solid System
Interactions in the  soiid- interactions in th e  liquid
nquid interface only Phase only
Figure (8.1): Adsorption model for liquid-solid interactions (possible cases for study).
This work deals with the fundamental adsorption isotherm and kinetic models for a single 
compound. The empirical adsorption isotherm and kinetic models of pure compound are essential 
models to understand the adsorption mechanism of each compound by the solid adsorbent. 
Extensions were made to those models to accommodate the adsorption isotherms and kinetics of 
multicomponent systems. Many theories were proposed for describing these systems in details, and 
hence further discussion of the theories involved is recommended in future work.
Moreover, it is recommended that studies on materials regeneration and recovery should be 
undertaken to establish the feasibility of using the selected adsorbents from an economic point of 
view. The small particle size of these adsorbents may also restrict their practical application for 
industrial effluent treatment since the solid separation is sophisticated, particularly for the very fine 
particles of chitosan. Such issues should be considered as a major impact on the economic 
feasibility of the application of these materials. Thus, it is recommended to involve a solid 
separation step for large scale applications that is capable of removing the particles from solution.
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APPENDICES
Appendix A  
Benzene
Table (1): V alues o f  isotherm parameters for the adsorption o f  single component system  o f  benzene 
by chitin found by analysis methods o f  five error deviation functions.
ERRSQ HYBRID MPSD ARE SAE
Langmuir 
a (mg/g) 5.6015 5.5471 5.4929 5.5848 5.6094
b (1/mg) 0.0027 0.0028 0.0028 0.0028 0.0027
ERRSQ 1.3707E-05 1.1871E-04 3.3558E-05 6.6105E-05 1.3875E-05
HYBRID 0.0027 0.0055 0.0030 0.0041 0.0028
MPSD 1.3828 1.5726 1.2654 1.3151 1.4084
ARE 0.6710 0.9054 0.8075 0.9383 0.6775
SAE 0.0070 0.0215 0.0119 0.0192 0.0069
Sum of Normalized Error 2.5262 4.9650 3.0538 4.0255 2.5547
Freundlich 
K  (mg/g) (mg/1)-'^ ") 0.0174 0.0019 0.0018 0.0020 0.0169
1/n 0.9508 0.9054 0.9082 0.9651 0.9805
ERRSQ 1.0952 2.8110 2.8154 2.4981 1.9143
HYBRID 42.9698 92.1288 92.3088 82.0333 69.6136
MPSD 113.7273 129.1475 129.3745 122.6804 131.0706
ARE 95.7447 118.2839 118.4953 112.3416 112.7513
SAE 1.9793 3.1902 3.1933 3.0095 2.5953
Sum of Normalized Error 3.1500 4.9790 4.9871 4.6025 4.1983
Redlich-Peterson
0.0631 0.0640 0.0621 0.0585 0.0593
aR(l/mg)i/^ 40.0947 40.2357 40.0524 40.0152 42.0126
P 0.8699 0.9975 1.0152 0.9200 0.9989
ERRSQ 1.954E-05 4.419E-05 4.840E-05 3.266E-05 4.926E-05
HYBRID 0.2435 0.4636 0.5034 0.3488 0.5084
MPSD 110.4323 116.4436 117.5428 106.6484 114.8177
ARE 57.0584 79.7159 82.6651 68.8423 82.2131
SAE 0.0088 0.0141 0.0149 0.0119 0.0151
Sum of Normalized Error 3.0877 4.7006 4.9602 3.8791 4.9713
Temkin
Bi 0.8000 0.5059 0.1674 0.2014 0.8446
KriVmg) 0.1524 0.1146 0.3249 0.3404 0.1348
ERRSQ 0.9204 4.3757 10.4288 8.9785 0.9518
HYBRID 142.6758 168.7219 146.9834 127.6079 200.7329
MPSD 419.1257 415.8067 91.8604 97.7230 524.1418
ARE 204.2829 196.8004 78.2822 71.7914 219.5297
SAE 2.1598 4.1605 6.0326 5.5099 2.0398
Sum of Normalized Error 2.8872 3.6396 3.2641 2.9235 3.4294
Dubinin-Radushkevich 
Qd (mg/g) 0.9993 0.9963 0.9612 0.9933 0.9872
Bd 1.7082E-03 5.9268E-03 4.6093E-10 6.7943E-03 9.8522E-03
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ERRSQ 13.0753 17.1327 8.6787 17.4564 18.1259
HYBRID 212.3250 265.7797 792.2177 269.9357 278.5238
MPSD 142.9374 150.1998 949.6456 150.7318 151.8243
ARE 130.3022 137.5773 528.3304 138.0927 139.1358
SAE 7.3448 8.2614 7.0086 8.3283 8.4638
Sum of Normalized Error 2.2543 2.6753 4.3069 2.7079 2.7748
T ab le (2): V alues o f  isotherm parameters for the adsorption o f  single component system  o f  benze:
by chitosan found by analysis methods o f  five error deviation functions.
ERRSQ HYBRID MPSD ARE SAE
Langmuir
a (mg/g) 31.3786 30.8937 30.2725 31.0997 31.1048
b (1/mg) 0.0014 0.0014 0.0015 0.0014 0.0014
ERRSQ 4.4142E-05 3.5895E-04 1.5109E-04 6.5037E-04 1.4328E-04
HYBRID 0.0029 0.0055 0.0030 0.0081 0.0032
MPSD 0.9833 0.8829 0.8297 0.9273 0.8661
ARE 0.5955 0.7053 0.6020 0.7674 0.6247
SAE 0.0144 0.0394 0.0239 0.0509 0.0259
Sum of Normalized Error 2.4819 3.8201 2.7040 4.9431 2.8252
Freundlich
K (mg/g) (mg/l)-!/") 0.0618 0.0615 0.0619 0.0619 0.0621
1/n 1.0495 1.0489 1.0475 1.0475 1.0469
ERRSQ 11.8477 12.5507 12.6014 12.4968 12.4968
HYBRID 66.3265 69.1808 69.1978 68.7573 68.6714
MPSD 48.1364 48.8123 48.6717 48.5551 48.4689
ARE 41.1614 41.8795 41.7558 41.6346 41.5546
SAE 7.3222 7.5138 7.5215 7.4929 7.4902
Sum of Normalized Error 4.8412 4.9947 4.9942 4.9704 4.9651
Redlich-Peterson
/(«(I/g) 0.1413 0.1158 0.1861 0.1437 0.1437
«^(l/mg)'/^ 71.2386 67.8101 69.0738 71.0881 71.0854
P 1.0323 1.0311 1.0366 1.0341 1.0341
ERRSQ 0.0569 0.0571 0.0565 0.0569 0.0569
HYBRID 17.3945 17.4681 17.2759 17.3891 17.3891
MPSD 117.8104 119.9632 126.3669 117.7827 117.7824
ARE 58.2799 68.8025 84.8309 59.0508 59.0373
SAE 0.3529 0.3545 0.3537 0.3529 0.3529
Sum of Normalized Error 4.6076 4.7604 4.9769 4.6160 4.6158
Temkin
Bi 1.2591 1.3447 0.7134 1.2999 1.3941
KriVmg) 0.2523 0.3809 0.3518 0.3409 0.2767
ERRSQ 0.7254 4.2262 7.6281 2.2275 1.8368
HYBRID 61.6464 148.7283 71.4739 84.5194 73.7380
MPSD 189.5584 177.6656 53.7499 117.9494 154.1163
ARE 92.6022 122.5810 43.8637 71.4824 88.3567
SAE 1.7505 4.8864 5.5268 3.2205 2.9855
Sum of Normalized Error 2.5818 4.3754 3.1220 2.6484 2.8106
Dubinin-Radushkevich
qd (mg/g) 2.3992 2.0479 0.9612 2.0854 2.4038
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Bd 0.0005 0.0004 0.0000 0.0004 0.0006
ERRSQ 22.9347 25.0960 29.5624 23.9513 24.3169
HYBRID 260.9976 277.8028 498.4269 267.7067 273.3756
MPSD 132.4775 133.9426 453.3893 132.9135 133.7531
ARE 118.5173 120.4962 252.8776 119.3136 119.9628
SAE 10.4773 10.9023 11.7557 10.6807 10.7462
Sum of Normalized Error 2.9516 3.1056 5.0000 3.0208 3.0546
T oluene
T ab le (3): Values o f  isotherm parameters for the adsorption o f  single com ponent system  o f  tolue:
by chitin found by analysis methods o f  five error deviation functions.
ERRSQ HYBRID MPSD ARE SAE
Langmuir
a (mg/g) 12.6875 12.7884 12.7753 12.6587 12.6154
b (1/mg) 0.0029 0.0029 0.0029 0.0029 0.0029
ERRSQ 1.1580E-04 1.3028E-04 1.2745E-04 2.5501E-04 1.3104E-04
HYBRID 0.0178 0.0174 0.0174 0.0188 0.0191
MPSD 3.0827 3.0711 3.0710 3.0772 3.1205
ARE 1.5657 1.6434 1.6320 1.7289 1.6223
SAE 0.0184 0.0233 0.0222 0.0369 0.0200
Sum of Normalized Error 3.7821 3.9902 3.9429 4.9743 3.9956
Freimdlich
K  (mg/g) (mg/l)-!/") 0.0358 0.0349 0.0368 0.0387 0.0360
1/n 0.9308 0.9035 0.8925 0.8914 0.8993
ERRSQ 0.3969 1.8386 1.8613 1.3355 1.7128
HYBRID 4.4131 19.2622 19.1166 13.5175 17.7620
MPSD 15.1621 30.1820 28.8367 23.3108 28.2982
ARE 13.3435 26.7372 24.9025 19.1535 24.7203
SAE 1.1733 2.4859 2.4673 2.0600 2.3817
Sum of Normalized Error 1.9158 4.9878 4.8718 3.7367 4.6626
Redlich-Peterson
(1/g) 0.1278 0.1876 0.1992 0.1538 0.2055
ajiiVmgy^ ^ 23.2305 23.1583 23.0170 22.0434 23.5299
P 0.8580 0.8795 0.9025 0.9851 0.9014
ERRSQ 0.0083 0.0076 0.0076 0.0084 0.0076
HYBRID 5.8428 5.8113 5.7252 5.9518 5.7427
MPSD 95.1856 121.7587 118.7680 95.5849 120.7156
ARE 51.7186 83.7504 81.1365 49.6962 82.9907
SAE 0.1350 0.1428 0.1412 0.1370 0.1417
Sum of Normalized Error 4.3129 4.8816 4.7942 4.3381 4.8363
Temkin
Bi 0.8720 0.8960 0.8990 0.9025 0.7967
KriVmg) 0.2390 0.2990 0.2426 0.2761 0.2364
ERRSQ 0.8266 1.2503 0.8628 1.0783 1.0441
HYBRID 82.5416 104.3371 87.8020 95.0067 72.3730
MPSD 205.2371 187.5862 207.8926 189.8242 191.4994
ARE 118.3571 114.7074 120.9378 117.9019 111.7419
SAE 2.0599 2.1840 2.0102 2.1423 2.4453
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Sum of Normalized Error 4.2605 4.7440 4.3537 4.5371 4.3738
Dubinin-Radushkevich 
(Id (mg/g) 1.5501 1.5205 1.5970 1.5480 1.6025
Bd 3.1577E-04 3.8616E-04 4.3783E-04 4.0668E-04 4.0755E-04
ERRSQ 11.0021 11.9202 11.8097 11.8972 11.5017
HYBRID 172.1650 183.9128 183.0869 183.8454 179.2302
MPSD 128.1512 129.9663 129.9425 129.9959 129.3702
ARE 113.6860 115.7667 115.5686 115.7368 114.9003
SAE 7.2890 7.5599 7.5199 7.5505 7.4307
Sum of Normalized Error 4.7911 4.9998 4.9788 4.9962 4.9100
T ab le (4): Values o f  isotherm parameters for the adsorption o f  single component system  o f  toluene 
by chitosan found by analysis methods o f  five error deviation functions.
ERRSQ HYBRID MPSD ARE SAE
Langmuir 
a (mg/g) 31.6243 31.6813 31.4812 31.7286 31.6834
b (1/mg) 0.0012 0.0012 0.0012 0.0012 0.0012
ERRSQ 1.4539E-06 1.0128E-04 6.6009E-04 5.3672E-04 1.0776E-04
HYBRID 0.0002 0.0014 0.0076 0.0065 0.0014
MPSD 0.3125 0.4972 0.6603 0.8375 0.5045
ARE 0.1631 0.3723 0.5604 0.7199 0.3805
SAE 0.0025 0.0192 0.0478 0.0441 0.0198
Sum of Normalized Error 0.6751 1.8453 4.5668 4.5922 1.8975
Freundlich 
K  (mg/g) (mgd)-'/") 0.0406 0.0405 0.0406 0.0406 0.0406
1/n 1.0694 1.0694 1.0693 1.0693 1.0691
ERRSQ 4.7923 4.7933 4.7928 4.7965 4.7939
HYBRID 28.8661 28.8743 28.8664 28.8855 28.8611
MPSD 26.5193 26.5261 26.5168 26.5245 26.5019
ARE 21.0369 21.0417 21.0355 21.0420 21.0263
SAE 3.9915 3.9941 3.9935 3.9950 3.9933
Sum of Normalized Error 4.9956 4.9987 4.9975 4.9999 4.9965
Redlich-Peterson 
Kr (1/g) 0.1342 0.1305 0.1377 0.1203 0.1254
39.0137 37.8547 33.4182 35.7066 36.7643
P 0.9383 0.9401 1.0174 1.0020 1.0033
ERRSQ 0.0000 0.0000 0.0000 0.0000 0.0000
HYBRID 1.8346 1.8316 1.9888 1.5077 1.5293
MPSD 647.0060 646.2834 673.0193 557.7960 563.6136
ARE 210.7415 210.7642 227.7526 205.4606 206.6589
SAE 0.0106 0.0106 0.0130 0.0150 0.0149
Sum of Normalized Error 4.3929 4.3946 4.8243 4.4890 4.5050
Temkin
Bi 1.4132 1.8042 1.4281 1.3084 1.4283
KriVmg) 0.2182 0.2796 0.3773 0.4417 0.2085
ERRSQ 1.8446 11.3739 6.3843 5.9916 1.8590
HYBRID 160.7706 360.9863 349.0688 406.0405 178.2458
MPSD 317.2812 299.7549 313.3323 369.8085 347.7005
ARE 161.8390 207.3558 196.1754 234.1070 167.0462
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SAE
Sum of Normalized Error
3.2493
2.5156
7.9599
4.5853
5.6357
3.8143
5.3089
4.1938
3.2055
2.6589
Dubinin-Radushkevich 
qd (mg/g) 2.9920 2.5684 2.9705 2.4818 2.6165
Bd 0.0005 0.0006 0.0005 0.0006 0.0006
ERRSQ 24.2012 29.9318 25.1563 30.1093 30.2239
HYBRID 257.3617 302.4147 265.1134 303.5401 304.9187
MPSD 131.7634 135.7726 132.4885 135.8444 136.0119
ARE 116.7194 121.8396 117.5934 122.0157 122.0519
SAE 10.4194 11.5130 10.6006 11.5563 11.5539
Sum of Normalized Error 4.4715 4.9749 4.5567 4.9902 4.9998
E th ylbenzen e  
T ab le  (5): Values o f  
ethylbenzene by chitin
isotherm parameters for the adsorption o f  single component system  o f  
found by analysis m ethods o f  five error deviation functions.
ERRSQ HYBRID MPSD ARE SAE
Langmuir 
a (mg/g) 20.2535 20.0953 20.5905 20.0752 29.4334
b (1/mg) 0.0023 0.0023 0.0022 0.0023 0.0015
ERRSQ 4.5717E-05 4.65I4E-05 1.6376E-04 4.7887E-05 2.3110E-02
HYBRID 0.0145 0.0048 0.0067 0.0048 0.3260
MPSD 1.9621 1.7035 1.6258 1.7147 6.2972
ARE 1.1537 0.8664 1.0179 0.8610 5.0115
SAE 0.0625 0.0152 0.0267 0.0155 0.2771
Sum of Normalized Error 0.8137 0.5151 0.5853 0.5168 5.0000
Freundlich 
K  (mg/g) (mgd)-i/") 0.0560 0.0580 0.0586 0.0586 0.0576
1/n 1.0607 1.0532 1.0531 1.0502 1.0556
ERRSQ 7.3881E-02 8.1857E-03 2.1889E-02 1.1803E-02 9.8404E-03
HYBRID 0.0645 0.0378 0.1156 0.0449 0.0526
MPSD 2.9497 0.9918 1.5075 0.7549 1.2778
ARE 2.2537 0.7627 1.0996 0.4947 0.8345
SAE 0.1707 0.1434 0.2332 0.1648 0.1099
Sum of Normalized Error 4.2903 1.7271 3.2953 1.7299 1.8632
Redlich-Peterson 
Kr (1/g) 0.9264 1.1079 1.0588 1.0595 0.9345
aR(l/mg)i/^ 22.8022 19.1558 24.2752 22.2917 19.6362
P 0.9345 0.9321 0.9322 0.9371 0.9374
ERRSQ 44.7394 44.3281 44.8431 44.7364 44.7364
HYBRID 669.4074 655.8081 666.8035 664.3555 664.3596
MPSD 171.0338 164.9515 169.8761 168.6439 168.6531
ARE 127.1475 121.6632 126.1393 125.0375 125.0471
SAE 13.7075 13.5565 13.6791 13.6519 13.6519
Sum of Normalized Error 4.9977 4.8785 4.9793 4.9554 4.9556
Temkin
Bi 1.1864 0.8817 0.4062 0.2904 1.1807
KfiVmg) 0.2424 0.3155 0.4442 0.5541 0.2415
ERRSQ 0.0739 2.6722 16.5125 22.2150 0.9740
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HYBRID 110.2426 66.1260 157.3607 208.6389 109.8280
MPSD 247.1239 133.1651 77.2796 81.3562 247.5178
ARE 124.0937 93.5198 67.4582 61.6433 123.5235
SAE 1.9768 3.8359 8.0640 9.1217 1.9650
Sum of Normalized Error 2.7468 2.1494 3.2374 3.8254 2.7811
Dubinin-Radushkevich
Qd (mg/g) 2.1157 2.8160 2.9758 2.2581 2.2124
Bd 0.1126 0.0925 0.1541 0.1589 0.1512
ERRSQ 0.0739 5.7617 6.9226 12.9568 13.1698
HYBRID 156.1881 83.6727 107.9567 164.4337 165.4590
MPSD 118.1507 105.6687 113.9353 121.1763 121.0771
ARE 103.4230 86.9480 94.4390 105.8115 105.8957
SAE 7.8711 5.4397 5.9875 7.9798 8.0299
Sum of Normalized Error 3.8815 3.3137 3.7558 4.9706 4.9992
T ab le (6): Values o f  isotherm parameters for the 
ethylbenzene by chitosan found by analysis methods
adsorption o f  single component system  o f  
o f  five error deviation functions.
ERRSQ HYBRID MPSD ARE SAE
Langmuir 
a (mg/g) 31.3225 31.4394 32.1123 31.3422 31.3213
b (1/mg) 0.0029 0.0029 0.0028 0.0029 0.0029
ERRSQ 5.1557E-05 2.7545E-05 5.8033E-04 2.1565E-05 3.2338E-04
HYBRID 0.0030 0.0025 0.0058 0.0026 0.0050
MPSD 1.2053 1.0977 0.9630 1.1646 1.3116
ARE 0.5130 0.4532 0.6667 0.4643 0.6853
SAE 0.0154 0.0118 0.0467 0.0092 0.0382
Sum of Normalized Error 2.6030 2.2220 4.7072 2.2539 4.2463
Freundlich 
K (mg/g) (mgd) '/") 0.1252 0.1250 0.1243 0.1251 0.1251
1/n 1.2798 1.2402 1.2117 1.2100 1.2100
ERRSQ 0.0739 17.0115 39.2782 39.8769 39.9174
HYBRID 187.7083 29.9015 68.9348 69.1244 69.1440
MPSD 32.5584 31.1400 37.3856 37.1494 37.1377
ARE 24.7324 23.4735 31.2709 31.1223 31.1155
SAE 21.1009 7.1959 12.7566 12.8266 12.8315
Sum of Normalized Error 3.6636 2.5101 3.9558 3.9640 3.9649
Redlich-Peterson
(I/g) 0.9850 0.9865 1.0067 0.9843 0.9843
aR(l/mg)'^ ^ 41.9996 41.9890 42.3815 41.4853 41.4808
P 0.9896 0.9880 0.9885 0.9883 0.9883
ERRSQ 0.0013 0.0013 0.0013 0.0013 0.0013
HYBRID 2.5010 2.5010 2.5021 2.5020 2.5020
MPSD 100.0198 100.0202 100.0433 100.0412 100.0414
ARE 41.1095 41.0318 41.4549 41.4176 41.4201
SAE 0.0514 0.0513 0.0518 0.0517 0.0517
Sum of Normalized Error 4.9831 4.9790 5.0000 4.9981 4.9983
Temkin
Bi 1.2658 1.0105 1.6054 1.3684 1.2252
Kril/mg) 0.3556 0.4583 0.5974 0.7769 0.3474
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ERRSQ 0.0739 2.4725 17.8554 12.4878 1.3219
HYBRID 80.7321 50.9626 403.4230 414.0446 79.8316
MPSD 174.6128 94.5358 239.0170 286.8695 177.4029
ARE 88.1740 65.0585 171.0952 200.1300 85.3654
SAE 2.5139 3.4785 10.2508 8.8215 2.4272
Sum of Normalized Error 1.4936 1.2555 4.6625 4.5599 1.5486
Dubinin-Radushkevich
Qd (mg/g) 2.6138 3.4311 3.0098 3.1498 2.7384
Bd 8.4059E-05 8.3232E-05 8.2541E-05 9.2708E-05 9.4602E-05
ERRSQ 0.0739 7.5973 11.2000 10.5965 14.8375
HYBRID 174.1787 109.0704 138.4911 136.5649 171.4197
MPSD 117.4841 109.8064 113.2974 113.7771 117.8037
ARE 102.1229 90.0973 96.0892 95.9655 101.9965
SAE 8.9181 6.5309 7.7359 7.5731 8.7734
Sum of Normalized Error 4.0023 3.6849 4.3200 4.2529 4.9667
m-Xylene
Table (7): Values o f  isotherm parameters for the 
xylene by chitin found by analysis methods o f  five
adsorption o f  single com ponent system  o f  m- 
error deviation functions.
ERRSQ HYBRID MPSD ARE SAE
Langmuir
a (mg/g) 21.8326 21.9203 22.2163 22.2775 21.8239
b (1/mg) 0.0059 0.0059 0.0058 0.0057 0.0059
ERRSQ 7.1644E-05 1.3944E-04 1.3641E-03 1.7176E-03 7.2133E-05
HYBRID 0.0044 0.0036 0.0094 0.0126 0.0046
MPSD 1.1126 0.9288 0.6841 0.7119 1.1338
ARE 0.6321 0.5705 0.5636 0.5682 0.6397
SAE 0.0183 0.0277 0.0702 0.0773 0.0177
Sum of Normalized Error 2.5953 2.4388 3.9331 4.5161 2.6321
Freundlich
K (mg/g) (mgd)-'/") 0.14128 0.15670 0.16011 0.15941 0.14790
1/n 1.09281 1.07020 1.06493 1.06932 1.08464
ERRSQ 0.23913 0.34243 0.42701 0.48353 0.32287
HYBRID 1.23387 0.58915 0.62765 0.96803 0.90178
MPSD 9.14319 2.48641 1.95809 2.54239 5.84493
ARE 6.88110 2.15043 1.56737 1.48178 4.43165
SAE 1.05698 0.99042 1.05196 0.88028 0.82603
Sum of Normalized Error 4.49456 2.70715 2.82900 3.11078 3.46339
Redlich-Peterson
Kr (1/g) 0.1398 0.1377 0.1313 0.1358 0.1353
38.8571 37.1615 37.5024 37.8726 37.7382
P 0.9750 0.9709 0.9708 0.9701 0.9701
ERRSQ 0.5583 0.5577 0.5584 0.5581 0.5581
HYBRID 76.5830 76.4742 76.6197 76.5539 76.5536
MPSD 177.5882 177.2596 177.7781 177.5533 177.5516
ARE 132.6706 132.4102 132.8242 132.6452 132.6439
SAE 1.5573 1.5561 1.5577 1.5570 1.5570
Sum of Normalized Error 4.9968 4.9898 5.0000 4.9955 4.9955
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Temkin
Bi 1.1070 1.1081 1.4032 1.3156 1.0917
Kjil/mg) 0.3844 0.4308 0.4055 0.6118 0.6189
ERRSQ 2.3965 2.2686 5.4394 8.3263 3.1555
HYBRID 136.2314 126.6668 235.1435 287.4722 158.1654
MPSD 204.7248 183.7345 243.8154 215.4148 167.4129
ARE 107.7607 97.3213 136.6348 128.2482 93.5666
SAE 3.1102 2.9292 4.9550 6.3889 3.5266
Sum of Normalized Error 2.8769 2.6374 4.2468 4.8221 2.8526
Dubinin-Radushkevich
Qd (mg/g) 2.4235 2.6732 2.4994 2.5890 2.5816
Bd 3.1027E-05 3.4199E-05 3.6230E-05 3.4684E-05 3.7546E-05
ERRSQ 11.0703 8.6314 10.6239 9.5328 9.8385
HYBRID 113.2346 93.0259 110.8852 100.8789 104.5652
MPSD 95.5217 92.7068 95.5535 93.8537 94.8017
ARE 75.8386 71.2446 76.2247 72.2127 75.5207
SAE 7.0245 6.2682 6.9597 6.5488 6.7435
Sum of Normalized Error 4.9946 4.3984 4.9297 4.6139 4.7551
Table (8): Values o f  isotherm parameters for the adsorption o f  single com ponent system  o f  m- 
xylene by chitosan found by analysis methods o f  five error deviation functions.
ERRSQ HYBRID MPSD ARE SAE
Langmuir 
a (mg/g) 31.3916 31.5267 31.8971 31.6216 31.3656
b (1/mg) 0.0030 0.0030 0.0029 0.0030 0.0030
ERRSQ 2.5120E-05 3.8924E-05 2.4063E-04 7.1709E-05 2.5709E-05
HYBRID 0.0019 0.0017 0.0028 0.0018 0.0020
MPSD 0.7000 0.6234 0.5506 0.5995 0.7190
ARE 0.3527 0.3275 0.3731 0.3176 0.3593
SAE 0.0091 0.0142 0.0311 0.0174 0.0082
Sum of Normalized Error 3.0081 2.9854 4.7658 3.1945 3.0607
Freundlich 
K (mg/g) (mg/l)-!/") 0.12643 0.12567 0.12467 0.12554 0.12678
1/n 0.85520 0.85857 0.85876 0.85696 0.85458
ERRSQ 0.90603 0.76224 0.87787 0.89479 0.90622
HYBRID 7.70319 6.89584 7.60483 7.67001 7.69259
MPSD 21.11213 20.55836 20.63523 20.87300 21.19816
ARE 17.85084 17.21478 17.50201 17.68507 17.90083
SAE 1.98247 1.83756 1.95865 1.97353 1.98185
Sum of Normalized Error 4.99294 4.59471 4.89510 4.95118 4.99831
Redlieh-Peterson
(1/g) 0.1280 0.1279 0.1320 0.1288 0.1295
aR(Vmgy'^ 42.2507 42.6401 42.0429 42.6242 42.4815
P 0.9205 0.9178 0.9178 0.9173 0.9173
ERRSQ 0.0068 0.0068 0.0068 0.0068 0.0068
HYBRID 7.3165 7.3164 7.3471 7.3222 7.3279
MPSD 151.8373 151.8072 156.8552 152.7869 153.7292
ARE 102.0433 102.0048 105.8818 102.7827 103.5197
SAE 0.1484 0.1483 0.1487 0.1484 0.1485
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Sum of Normalized Error 4.9250 4.9244 5.0000 4.9393 4.9535
Temkin
Bi 1.3874 1.3308 1.4539 1.2734 1.4491
/f7-(l/mg) 0.3721 0.3710 0.6982 0.9427 0.3829
ERRSQ 2.9897 3.1142 10.5827 9.8090 3.2088
HYBRID 159.5032 147.9381 458.4808 546.4873 175.3237
MPSD 212.9462 205.2914 298.4204 356.9252 216.3390
ARE 122.1731 118.1227 187.7680 226.7523 125.4634
SAE 3.7399 3.8308 7.2620 6.8206 3.6037
Sum of Normalized Error 2.2248 2.1886 4.5031 4.8661 2.2797
Dubinin-Radushkevich
Qd (mg/g) 2.0080 2.2926 2.9943 2.0001 2.0403
Bd 6.3111E-05 7.3732E-05 2.6230E-10 5.3969E-05 6.2894E-05
ERRSQ 31.6547 28.2587 30.0977 30.8037 31.1035
HYBRID 283.8746 263.4437 2310.7724 272.6474 279.7035
MPSD 124.8795 124.4216 944.9107 121.8600 124.4140
ARE 112.2524 111.0319 527.8977 109.4596 111.7465
SAE 12.1695 11.6178 13.6266 11.9530 12.0728
Sum of Normalized Error 2.3607 2.2013 4.9508 2.3046 2.3330
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Appendix B 
L an gm u ir Isotherm
Table (9): Error analysis and values o f  five different error functions o f  Langmuir isotherm m odel 
for adsorption o f  BTEX mixture by chitosan.
ERRSQ HYBRID MPSD ARE SAE
Benzene
a 20.08689 20.37653 20.85971 19.68199 19.51097
b 0.00155 0.00123 0.00154 0.00158 0.00160
ERRSQ 0.00001 0.00243 0.00010 0.00001 0.00001
HYBRID 0.00229 0.59475 0.02359 0.00237 0.00237
MPSD 3.18810 28.79488 6.89008 3.29273 3.29622
ARE 2.04631 26.28794 5.55738 1.99511 1.99462
SAE 0.00442 0.09357 0.01766 0.00406 0.00406
Sum of Normalized Error 0.24228 5.00000 0.71915 0.24049 0.24061
Toluene
a 27.98530 29.56717 24.07885 18.73287 23.66749
b 0.00171 0.00161 0.00200 0.00261 0.00205
ERRSQ 0.00020 0.00020 0.00032 0.00110 0.00034
HYBRID 0.01972 0.01944 0.02362 0.04666 0.02943
MPSD 3.05567 3.16627 2.93871 3.41501 3.09615
ARE 2.01336 2.15571 1.99118 1.95583 1.88537
SAE 0.02572 0.02581 0.03388 0.05050 0.02922
Sum of Normalized Error 2.94491 3.03848 3.24957 4.90728 3.30171
Ethylbenzene
a 28.39703 27.39819 27.02511 26.47710 21.55839
b 0.00541 0.00404 0.00182 0.00184 0.00227
ERRSQ 33.36160 28.10920 16.10703 26.47710 22.14338
HYBRID 0.00145 0.00173 0.00305 0.00184 0.00220
MPSD 0.07388 0.00000 0.00003 0.00001 0.00001
ARE 0.00204 0.00196 0.00352 0.00202 0.00216
SAE 2.61398 2.43199 2.09083 2.33028 2.22946
Sum of Normalized Error 4.01268 2.89044 3.79441 2.81898 2.97416
m-Xylene
a 32.30316 33.57190 30.91743 32.01771 38.83488
b 0.00196 0.00188 0.00205 0.00198 0.00162
ERRSQ 0.00001 0.00001 0.00001 0.00001 0.00002
HYBRID 0.00067 0.00079 0.00057 0.00062 0.00231
MPSD 0.58653 0.63310 0.55033 0.56164 1.13646
ARE 0.41212 0.44996 0.38962 0.37463 0.80418
SAE 0.00558 0.00586 0.00542 0.00497 0.00763
Sum of Normalized Error 2.45843 2.67703 2.35988 2.31087 5.00000
o-Xylene
a 27.86502 28.30157 27.83690 28.08813 28.01603
b 0.00245 0.00239 0.00243 0.00241 0.00236
ERRSQ 0.00017 0.00001 0.00000 0.00001 0.00097
HYBRID 0.00751 0.00033 0.00034 0.00037 0.04067
MPSD 1.43558 0.40069 0.39680 0.41480 3.31338
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ARE 1.26341 0.30497 0.30174 0.29105 3.01533
SAE 0.02413 0.00439 0.00427 0.00365 0.05728
Sum of Normalized Error 1.63381 0.31228 0.30789 0.30099 5.00000
p-Xylene
a 33.54679 34.66343 39.96304 31.54462 33.60274
b 0.00210 0.00203 0.00175 0.00223 0.00209
ERRSQ 4.513E-07 9.281E-07 1.545E-05 1.818E-05 4.652E-07
HYBRID 0.00038 0.00034 0.00080 0.00081 0.00037
MPSD 1.08740 1.01027 0.89483 1.11788 1.07898
ARE 0.44077 0.44861 0.62494 0.53182 0.43098
SAE 0.00124 0.00223 0.00759 0.00648 0.00116
Sum of Normalized Error 2.33161 2.38908 4.64503 4.70450 2.29127
T ab le  (10): Error analysis and values o f  five different error functions o f  Langmuir isotherm model
for adsorption o f  BTEX mixture by m odified chitosan.
ERRSQ HYBRID MPSD ARE SAE
Benzene
a 74.04853 74.58458 75.40205 74.40365 74.40756
b 0.00145 0.00143 0.00144 0.00145 0.00144
ERRSQ 0.00004 0.00007 0.00009 0.00004 0.00005
HYBRID 0.00418 0.00761 0.00658 0.00429 0.00556
MPSD 1.46622 2.05821 1.58057 1.51230 1.77042
ARE 1.07202 1.37439 1.37823 1.05173 1.11932
SAE 0.01074 0.01337 0.01804 0.00971 0.00937
Sum of Normalized Error 3.06094 4.48196 4.63205 3.01372 3.43233
Toluene
a 86.27680 85.91389 86.48232 85.78150 85.62556
b 0.00233 0.00234 0.00232 0.00234 0.00235
ERRSQ 0.00001 0.00002 0.00002 0.00002 0.00002
HYBRID 0.00019 0.00017 0.00020 0.00021 0.00024
MPSD 0.14570 0.15363 0.14512 0.17260 0.18535
ARE 0.11681 0.11752 0.11546 0.11362 0.11939
SAE 0.00822 0.00817 0.00792 0.00657 0.00675
Sum of Normalized Error 4.13026 4.15712 4.19281 4.43626 4.82162
Ethylbenzene
a 96.13021 97.34585 98.89652 97.77772 97.52980
b 0.00265 0.00262 0.00240 0.00261 0.00261
ERRSQ 7.388E-02 6.410E-07 7.187E-02 9.930E-07 8.681E-07
HYBRID 0.00017 0.00016 1.08999 0.00016 0.00016
MPSD 0.47852 0.45898 10.03133 0.45827 0.45186
ARE 0.18697 0.18593 9.18715 0.18581 0.19411
SAE 0.00123 0.00170 0.49818 0.00195 0.00193
Sum of Normalized Error 1.07068 0.06956 4.97284 0.06998 0.07020
m-Xylene
a 96.04094 96.47162 97.76528 101.93807 95.87215
b 0.00293 0.00292 0.00288 0.00276 0.00294
ERRSQ 6.779E-06 7.029E-06 1.179E-05 7.271E-05 6.991E-06
HYBRID 0.00022 0.00021 0.00025 0.00077 0.00023
MPSD 0.23440 0.22604 0.21740 0.28103 0.24196
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ARE 0.17138 0.16409 0.15514 0.18053 0.17587
SAE 0.00576 0.00535 0.00674 0.01407 0.00577
Sum of Normalized Error 2.56712 2.46545 2.59264 5.00000 2.63524
o-Xylene
a 96.38111 98.23406 98.35098 98.24291 97.24103
b 0.00618 0.00603 0.00549 0.00550 0.00550
ERRSQ 1.60677 1.49469 0.05256 0.05240 0.01310
HYBRID 9.34516 8.63444 0.29479 0.29438 0.07359
MPSD 18.54523 17.70356 3.17094 3.17434 1.58720
ARE 16.98656 16.21901 2.90621 2.90933 1.45469
SAE 2.39292 2.30062 0.42526 0.42496 0.21248
Sum of Normalized Error 5.00000 4.72505 0.58404 0.58414 0.27604
p-Xylene
a 96.95960 96.98435 96.55617 96.96048 97.09372
b 0.00933 0.00934 0.01133 0.00928 0.01120
ERRSQ 0.01012 0.00577 12.64133 0.03733 11.87777
HYBRID 0.03081 0.01765 39.10854 0.11367 36.61280
MPSD 0.80206 0.60989 29.01721 1.54026 27.98048
ARE 0.73363 0.55770 26.51629 1.40885 25.57465
SAE 0.18831 0.14248 6.70181 0.36170 6.48617
Sum of Normalized Error 0.08499 0.06422 5.00000 0.16604 4.77237
Freundlich  Isotherm
T ab le (11): Error analysis and values o f  five different error functions o f  Freundlich isotherm m odel 
for adsorption o f  BTEX mixture by chitosan.
ERRSQ HYBRID MPSD ARE SAE
Benzene
K 0.03354 0.03270 0.03166 0.03191 0.03259
1/n 0.93765 0.95509 0.99216 0.96664 0.95530
ERRSQ 0.000017 0.000021 0.000113 0.000027 0.00002
HYBRID 0.02233 0.01878 0.03735 0.02165 0.01892
MPSD 17.74852 13.20521 9.19109 10.79526 12.99887
ARE 10.10053 7.09419 7.19049 6.05386 6.87291
SAE 0.00909 0.00770 0.01979 0.00802 0.00704
Sum of Normalized Error 3.20416 2.52102 4.22974 2.43257 2.45453
Toluene
K 0.06337 0.06555 0.05950 0.05635 0.15392
1/n 0.92637 0.91582 0.95005 0.96377 0.63683
ERRSQ 0.02398 0.02424 0.02814 0.02774 0.27267
HYBRID 0.96030 0.94597 1.11888 1.22639 17.41114
MPSD 15.23196 16.72679 14.04616 14.91782 133.13347
ARE 11.92199 12.72031 10.19942 9.31323 82.05114
SAE 0.29938 0.30289 0.27454 0.28131 0.94121
Sum of Normalized Error 0.72089 0.74570 0.68897 0.69663 5.00000
Ethylbenzene
K 0.06177 0.05995 0.05779 0.06009 0.06137
1/n 0.94952 0.96313 0.98451 0.96030 0.95217
ERRSQ 0.07388 0.00031 0.00068 0.00030 0.00027
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HYBRID 0.11331 0.10496 0.12478 0.10591 0.11016
MPSD 16.09874 13.98911 12.91480 14.18452 15.56921
ARE 8.64232 7.84980 9.25004 7.71368 8.40593
SAE 0.03117 0.03527 0.05224 0.03252 0.03120
Sum of Normalized Error 4.43914 3.23809 3.81140 3.19045 3.35961
m-Xylene
K 0.07883 0.07713 0.07597 0.07585 0.07871
1/n 0.96292 0.97106 0.97874 0.98018 0.96293
ERRSQ 0.00006 0.00011 0.00048 0.00069 0.00007
HYBRID 0.01215 0.00611 0.01271 0.01686 0.01173
MPSD 4.55790 2.39435 1.57322 1.60020 4.41208
ARE 2.71991 1.63334 1.20018 1.15740 2.60155
SAE 0.01669 0.02231 0.03094 0.03292 0.01522
Sum of Normalized Error 3.31100 2.33213 3.18399 3.77661 3.17863
o-Xylene
K 0.08692 0.08285 0.07711 0.07301 0.07195
1/n 0.90119 0.91392 0.93454 0.96553 0.97173
ERRSQ 0.07403 0.07458 0.07680 0.07580 0.07611
HYBRID 8.18580 8.13932 8.22153 8.28765 8.32270
MPSD 53.47670 52.46108 51.93447 52.18506 52.31528
ARE 29.39506 25.93707 21.88300 19.76693 19.90179
SAE 0.38517 0.35988 0.35177 0.28967 0.28614
Sum of Normalized Error 4.94743 4.74677 4.61675 4.38316 4.38917
p-Xylene
K 0.09628 0.09352 0.09214 0.09197 0.09232
1/n 0.94406 0.95472 0.96210 0.96257 0.95703
ERRSQ 0.00022 0.00036 0.00091 0.00089 0.00051
HYBRID 0.03321 0.01964 0.02709 0.02732 0.02701
MPSD 5.59259 2.62922 1.89786 1.90981 2.24285
ARE 4.09061 2.10918 1.12209 1.04063 1.28724
SAE 0.03473 0.03700 0.04397 0.04281 0.03267
Sum of Normalized Error 4.03258 2.81262 3.42928 3.37306 2.83094
T ab le (12): Error analysis and values o f  five different error functions o f  Freundlich isotherm m odel 
for adsorption o f  BTEX mixture by m odified chitosan.
ERRSQ HYBRID MPSD ARE SAE
Benzene
K 0.13924 0.12771 0.12641 0.12792 0.13028
1/n 1.30246 1.35573 1.35463 1.34412 1.33435
ERRSQ 0.00124 0.00233 0.00245 0.00259 0.00217
HYBRID 0.25163 0.11594 0.13147 0.14741 0.14903
MPSD 20.87401 9.50575 9.36924 9.73760 11.11317
ARE 14.07190 6.61624 6.70046 6.04923 6.58055
SAE 0.07370 0.09373 0.08841 0.08071 0.07775
Sum of Normalized Error 4.39133 3.44802 3.48799 3.48220 3.39505
Toluene
K 0.24770 0.24049 0.24071 0.24858 0.24229
1/n 1.73306 1.74118 1.74017 1.73201 1.73874
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ERRSQ 0.20786 0.36438 0.53036 0.21466 0.31961
HYBRID 0.66890 0.49777 0.57131 0.71056 0.52434
MPSD 5.70463 5.02870 5.02190 5.86183 5.06339
ARE 3.35588 3.48121 3.52478 3.33618 3.39310
SAE 0.94867 1.13984 1.26949 0.89263 0.86484
Sum of Normalized Error 4.00584 4.13096 4.66075 4.05436 3.84825
Ethylbenzene
K 0.32771 0.30347 0.28811 0.28776 0.33285
1/n 1.71140 1.74323 1.77048 1.77808 1.70502
ERRSQ 0.07388 0.09925 0.58762 1.64275 0.03760
HYBRID 0.79598 0.33861 0.81221 1.97860 1.00622
MPSD 19.11684 8.07533 3.08103 3.51522 21.53713
ARE 12.88632 5.65655 2.51816 2.37371 14.52866
SAE 0.40431 0.55864 1.02757 1.35542 0.39814
Sum of Normalized Error 2.52014 1.40798 1.84270 3.32660 2.82518
m-Xylene
K 0.38680 0.39134 0.36992 0.38906 1.121127
1/n 1.90216 1.89828 1.92177 1.90045 0.37717
ERRSQ 0.53778 0.55484 5.95540 0.55122 1.91045
HYBRID 1.27598 1.24946 2.85752 1.25702 0.60621
MPSD 11.41374 12.08378 10.17805 11.72762 1.51718
ARE 6.33327 6.53252 7.13438 6.29044 10.47008
SAE 1.28747 1.37775 3.77763 1.25719 6.49473
Sum of Normalized Error 2.70991 2.81077 4.84229 2.71749 2.70632
o-Xylene
K 0.49041 0.38220 0.22562 0.28565 0.36705
1/n 1.67699 1.76872 2.00997 1.91222 1.77567
ERRSQ 1.09830 3.99061 192.80183 103.17866 4.71571
HYBRID 18.13539 7.63929 109.98184 56.70259 9.40496
MPSD 173.67853 104.67792 34.58800 49.28784 96.86629
ARE 85.25861 46.75415 27.98005 26.11393 43.27803
SAE 2.30001 3.36110 15.80029 11.13026 2.85196
Sum of Normalized Error 2.31616 1.45397 3.52733 2.34523 1.35581
/?-Xylene
K 1.24518 0.81953 0.59572 0.64632 0.76341
1/n 1.62048 1.76090 1.89588 1.86610 1.77495
ERRSQ 41.89313 98.55445 798.41218 654.93440 120.75237
HYBRID 119.90020 37.34244 143.61689 116.70347 47.51047
MPSD 140.40730 50.36253 16.90901 19.80363 40.52684
ARE 87.55527 29.25517 14.13456 12.08258 21.13304
SAE 13.21072 15.39884 34.51811 30.67582 11.36711
Sum of Normalized Error 3.27005 1.52238 3.28186 2.80063 1.34137
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R ed lich -P eterson  Isotherm
T able (13): Error analysis and values o f  five different error functions o f  R edlich-Peterson isotherm  
m odel for adsorption o f  BT EX  mixture by chitosan.
ERRSQ HYBRID MPSD ARE SAE
Benzene
/(^R(l/g) 0.020 0.022 0.023 0.023 0.023
0.230 0.248 0.293 0.257 0.255
P 0.960 0.995 0.994 0.992 0.998
ERRSQ 2.1I4E-04 2.419E-04 1.204E-04 2.434E-04 2.400E-04
HYBRID 0.265 0.296 0.147 0.298 0.294
MPSD 28.585 27.358 19.197 27.325 27.153
ARE 17.073 15.108 9.926 14.576 14.450
SAE 0.023 0.025 0.017 0.025 0.025
Sum of Normalized Error 4.644 4.823 2.919 4.810 4.765
Toluene 
Kr (1/g) 0.024 0.025 0.026 0.022 0.023
0.278 0.295 0.335 0.216 0.258
P 0.978 0.968 0.947 0.998 0.979
ERRSQ 1.177E-05 1.196E-05 1.398E-05 1.077E-04 1.695E-05
HYBRID 0.011 0.011 0.012 0.075 0.017
MPSD 5.635 5.345 5.120 11.720 7.300
ARE 3.658 3.640 3.537 7.227 3.414
SAE 0.008 0.009 0.009 0.021 0.007
Sum of Normalized Error 1.646 1.626 1.633 5.000 1.822
Ethylbenzene
(1/g) 0.028 0.029 0.030 0.030 0.030
( Z R ( l / m g ) i / ^ 0.169 0.187 0.223 0.207 0.207
P 0.999 0.995 0.999 0.997 0.997
ERRSQ 7.388E-02 2.090E-04 7.271E-06 9.059E-05 9.307E-05
HYBRID 0.216 0.117 0.009 0.055 0.057
MPSD 16.527 12.496 5.521 9.333 9.408
ARE 10.392 7.940 3.133 5.600 5.663
SAE 0.034 0.025 0.006 0.017 0.017
Sum of Normalized Error 5.000 2.805 0.851 1.873 1.896
m-Xylene
(1/g) 0.033 0.032 0.032 0.032 0.032
0.147 0.138 0.137 0.130 0.148
P 0.993 0.992 0.999 0.999 0.984
ERRSQ 3.517E-06 6.711E-05 2.804E-05 1.217E-04 6.760E-06
HYBRID 0.002 0.022 0.009 0.039 0.004
MPSD 2.119 3.918 2.753 5.207 2.253
ARE 1.334 2.412 1.818 2.976 1.271
SAE 0.004 0.014 0.009 0.018 0.005
Sum of Normalized Error 1.180 3.435 2.126 5.000 1.263
o-Xylene 
K r  ( 1/g ) 0.031 0.030 0.030 0.030 0.032
a R iV m g y ’P 0.152 0.135 0.119 0.138 0.165
P 1.020 1.048 1.083 1.040 1.000
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ERRSQ 1.759E-06 2.474E-06 5.300E-06 2.649E-06 2.128E-06
HYBRID 0.003 0.002 0.003 0.002 0.005
MPSD 4.307 2.776 2.295 2.937 5.698
ARE 2.000 1.368 1.597 1.330 2.664
SAE 0.003 0.003 0.005 0.003 0.003
Sum of Normalized Error 3.070 2.521 3.582 2.526 4.093
p-Xylene
Kr (1/g) 0.032 0.032 0.032 0.032 0.032
afi(l/mg)''^ 0.196 0.194 0.196 0.202 0.203
P 0.969 0.970 0.967 0.961 0.960
ERRSQ 2.136E-07 2.160E-07 2.202E-07 2.944E-07 3.322E-07
HYBRID 2.745E-04 2.713E-04 2.779E-04 3.645E-04 3.998E-04
MPSD 1.023 1.028 1.021 1.125 1.169
ARE 0.583 0.600 0.577 0.510 0.498
SAE 0.001 0.001 0.001 0.001 0.001
Sum of Normalized Error 4.152 4.208 4.132 4.462 4.671
T ab le (14): Error analysis and values o f  five different error functions o f  Redlich-Peterson isotherm
m odel for adsorption o f  BT EX  mixture by m odified chitosan.
ERRSQ HYBRID MPSD ARE SAE
Benzene
!^n(l/g) 0.041 0.045 0.039 0.039 0.040
(iR(l/m g)i/^ 0.255 0.445 0.256 0.241 0.246
P 0.981 0.972 0.970 0.958 0.982
ERRSQ 0.0004 0.0021 0.0005 0.0003 0.0004
HYBRID 0.1625 0.9620 0.2035 0.1592 0.1765
MPSD 14.0062 32.7938 14.2080 12.8214 13.3619
ARE 9.0070 21.0520 8.0144 7.5128 7.8222
SAE 0.0289 0.0727 0.0316 0.0294 0.0300
Sum of Normalized Error 1.5920 5.0000 1.6792 1.4836 1.5647
Toluene
K^O/g) 0.052 0.053 0.055 0.058 0.058
U g(l/m g)i/^ 0.178 0.161 0.183 0.208 0.216
P 0.923 0.900 0.983 0.971 0.961
ERRSQ 0.0046 0.0259 0.0002 0.0002 0.0002
HYBRID 0.8922 4.9268 0.0626 0.0792 0.0781
MPSD 19.6389 43.8602 7.7025 8.9293 8.4605
ARE 12.4544 25.7191 4.9472 4.2995 4.3050
SAE 0.1253 0.2954 0.0314 0.0278 0.0275
Sum of Normalized Error 1.7155 5.0000 0.4940 0.4890 0.4784
Ethylbenzene
K r  (1/g) 0.063 0.057 0.064 0.060 0.064
a j i iV m g y '^ 0.198 0.191 0.181 0.194 0.187
P 0.992 0.991 0.993 0.995 0.983
ERRSQ 0.0739 0.0024 0.0001 0.0015 0.0001
HYBRID 0.2845 0.7864 0.2115 0.5286 0.2028
MPSD 40.3311 37.0249 41.4361 37.5737 40.8536
ARE 17.4027 24.3293 14.8335 21.6014 14.2020
SAE 0.0466 0.1104 0.0209 0.0856 0.0151
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Sum of Normalized Error 3.4726 3.9267 2.0691 3.2624 1.9648
m-Xylene
0.080 0.078 0.066 0.071 0.079
ag(l/mg)i/^ 0.127 0.137 0.138 0.120 0.104
P 0.992 0.998 0.996 0.928 0.926
ERRSQ 0.0026 0.0109 0.0418 0.0030 0.0188
HYBRID 0.4604 1.3899 5.2137 0.4884 2.1495
MPSD 18.4048 21.7122 38.4175 13.6923 26.8352
ARE 12.1167 15.2366 25.5697 8.1874 17.2360
SAE 0.1116 0.2086 0.4019 0.0961 0.2280
Sum of Normalized Error 1.3803 2.2083 5.0000 1.0800 2.8011
o-Xylene
;^R(i/g) 0.097 0.087 0.079 0.077 0.084
an(l/mgy^^ 0.107 0.108 0.106 0.107 0.096
P 0.949 0.956 0.941 0.970 0.981
ERRSQ 0.0141 0.0010 0.0043 0.0117 0.0011
HYBRID 1.9340 0.3635 0.8192 1.6121 0.3691
MPSD 34.0062 19.1664 21.0993 25.3419 18.1629
ARE 23.6872 10.3388 11.5022 15.4523 9.2587
SAE 0.2545 0.0607 0.1379 0.2215 0.0572
Sum of Normalized Error 5.0000 1.4983 2.3733 3.9319 1.4156
/?-Xylene
Kr (I/g) 0.068 0.072 0.073 0.073 0.073
Ofi(l/mg)''^ 0.098 0.097 0.097 0.102 0.107
P 0.976 0.993 0.969 0.956 0.944
ERRSQ 0.0053 0.0019 0.0002 0.0003 0.0003
HYBRID 0.6478 0.1948 0.0258 0.0395 0.0418
MPSD 15.5513 6.9650 3.2839 3.9517 3.9110
ARE 11.3770 4.1237 2.3747 2.1081 2.0964
SAE 0.1433 0.0697 0.0275 0.0228 0.0228
Sum of Normalized Error 5.0000 1.9452 0.6889 0.7183 0.7239
Temkin Isotherm
Table (15): Error analysis and values of five different error functions of Temkin isotherm model
for adsorption of BTEX mixture by chitosan.
ERRSQ HYBRID MPSD ARE SAE
Benzene
Bi 0.03952 0.02862 0.01107 0.01305 0.04931
Xr(l/mg) 0.49084 0.14368 0.15133 0.27680 0.22065
ERRSQ 0.05951 0.10329 0.06487 0.05829 0.13272
HYBRID 145.79789 182.51358 45.60299 42.65469 375.41735
MPSD 1630.89107 1744.94476 727.33355 718.01140 2616.10305
ARE 867.82762 977.53426 458.97812 446.36012 1396.22336
SAE 0.63706 0.83773 0.60962 0.57899 0.95387
Sum of Normalized Error 2.74954 3.50976 1.85609 1.75398 5.00000
Toluene
Bi 0.38029 0.29880 0.24985 0.12233 0.37736
Kfil/mg) 0.80112 0.92775 0.17589 0.15687 0.69190
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ERRSQ 0.09634 0.24634 2.87114 3.85947 0.12196
HYBRID 26.47705 16.89592 327.94673 201.87049 38.31587
MPSD 215.93033 133.90362 697.75204 415.02993 279.11431
ARE 108.81758 82.66645 396.97326 277.69164 113.95591
SAE 0.76994 1.08867 4.23351 4.52454 0.71067
Sum of Normalized Error 0.85945 0.75611 4.67960 3.90989 0.99259
Ethylbenzene
Bi 0.16416 0.11340 0.17112 0.30206 0.16841
KriVmg) 0.28801 0.31891 0.57631 0.28761 0.92737
ERRSQ 0.07388 0.70405 0.37768 1.39728 0.17137
HYBRID 598.51737 299.25461 317.28172 1826.64374 158.58801
MPSD 1836.09376 1243.13866 1375.82749 3310.34150 997.97771
ARE 941.36066 664.19679 673.42971 1615.61758 461.19862
SAE 2.38145 2.13366 1.57345 2.83777 1.01690
Sum of Normalized Error 2.35705 2.20622 1.83090 5.00000 1.15474
m-Xylene
Bi 0.28892 0.21234 0.11177 0.12214 0.31323
KriVmg) 0.95151 0.80528 0.86825 0.87574 0.95294
ERRSQ 0.19527 0.61304 1.32299 1.21989 0.15370
HYBRID 93.31579 97.39340 76.62245 75.08273 104.36508
MPSD 542.28024 495.11716 288.43291 303.01621 581.06788
ARE 236.64723 250.97802 187.78691 190.89430 247.69326
SAE 0.98267 1.81925 2.47071 2.38467 0.80531
Sum of Normalized Error 3.31560 3.98498 3.97878 3.88875 3.42903
o-Xylene
Bi 0.08692 0.08285 0.07711 0.07301 0.07195
Kril/mg) 0.22838 0.16843 0.10003 0.69120 0.32800
ERRSQ 0.97872 0.83840 0.59512 0.37269 0.66747
HYBRID 0.17723 0.44490 0.96204 3.37861 0.34388
MPSD 90.25605 88.66360 98.32512 2976.14184 328.67871
ARE 547.51426 488.99169 415.25134 3124.72029 1055.95171
SAE 253.66108 262.72572 264.06727 1518.67827 492.59616
Sum of Normalized Error 0.67961 0.90874 1.21734 5.00000 1.19080
p-Xylene
Bt 0.27668 0.22106 0.35631 0.22158 0.36200
KriVmg) 0.97959 0.91959 0.39984 0.81497 0.61378
ERRSQ 0.27126 0.53298 1.25531 0.62689 0.56975
HYBRID 91.85932 86.08979 611.27746 108.21909 340.47901
MPSD 512.48816 454.04443 1294.77167 509.88216 992.82267
ARE 232.12532 230.33144 640.82568 262.57612 463.75480
SAE 1.17387 1.71363 2.77592 1.89709 1.71046
Sum of Normalized Error 1.54728 1.89284 5.00000 2.16338 3.11752
T ab le (16): Error analysis and values of five different error functions of Temkin isotherm model
for adsorption of BTEX mixture by modified chitosan.
ERRSQ HYBRID MPSD ARE SAE
Benzene
Bi 0.03952 0.02846 0.07000 0.07800 0.04094
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/sTrCl/mg) 4.90843 2.89623 3.72059 3.75673 4.56729
ERRSQ 0.00153 0.01113 0.02074 0.03433 0.00156
HYBRID 4.42515 11.11992 29.14811 37.88826 5.50001
MPSD 285.67972 433.16110 720.54604 788.60361 330.61937
ARE 134.00844 217.99282 350.91087 393.98462 142.53042
SAE 0.08435 0.23733 0.34986 0.44313 0.08071
Sum of Normalized Error 1.05407 2.25570 3.96726 5.00000 1.15362
Toluene
Br 0.43643 0.29880 0.36023 0.13274 0.37296
Kr(l/mg) 2.78530 2.02775 2.34103 2.52421 2.69386
ERRSQ 3.01319 0.31008 0.96646 1.40384 1.44976
HYBRID 406.02670 73.84863 174.16682 47.41671 248.27207
MPSD 659.68288 286.08151 437.63799 128.44731 530.41191
ARE 433.49908 176.52157 280.27794 101.83175 339.53395
SAE 4.48775 1.21982 2.46076 2.45255 3.07721
Sum of Normalized Error 5.00000 1.39747 2.60798 1.55880 3.36558
Ethylbenzene
0.46416 0.41340 0.49664 0.51290 0.46656
KriVmg) 4.28801 3.89149 4.39795 4.32019 4.99564
ERRSQ 0.07388 3.43588 6.46845 6.93436 6.14353
HYBRID 778.37578 498.76589 954.59642 1004.23618 996.88571
MPSD 1053.16034 810.16914 1175.64175 1188.86995 1303.67431
ARE 782.56173 579.65308 879.10569 889.19333 968.60315
SAE 5.40669 4.33333 6.00196 6.19468 5.94304
Sum of Normalized Error 3.27431 2.91157 4.66166 4.82995 4.83801
m-Xylene
Bi 0.56664 0.51234 0.51177 0.57398 0.52878
K-riVmg) 5.15694 5.05276 5.68250 5.20704 5.23547
ERRSQ 10.26248 7.45089 8.27742 10.74605 8.47667
HYBRID 1262.51602 959.23598 1120.44047 1319.36233 1088.57059
MPSD 1274.27491 1118.98650 1244.87036 1304.00483 1198.21639
ARE 892.89179 780.70922 855.61748 913.29352 833.97682
SAE 8.04874 6.88624 7.29572 8.23498 7.34518
Sum of Normalized Error 4.84416 3.96957 4.39695 5.00000 4.33787
o-Xylene
Bi 0.52838 0.56843 0.52470 0.56184 0.52601
Kril/mg) 5.78723 3.38402 5.52306 5.22057 5.74431
ERRSQ 9.79327 7.36697 9.23211 10.62274 9.61187
HYBRID 1370.97744 757.81593 1268.87376 1387.07222 1343.42910
MPSD 1372.81883 813.84767 1304.80191 1332.06226 1356.87916
ARE 998.67104 629.68661 954.14003 984.34846 987.70802
SAE 7.78558 6.43896 7.54144 8.03905 7.71140
Sum of Normalized Error 4.87878 3.26417 4.62784 4.95597 4.81003
p-Xylene
Bi 0.57456 0.52106 0.52123 0.58936 0.52606
X7-(l/mg) 5.23600 5.19591 5.80656 5.17965 5.62482
ERRSQ 10.18945 7.53957 8.36481 10.87125 8.35649
HYBRID 1138.32801 882.78189 1030.63176 1193.85930 1010.00188
MPSD 1170.74549 1042.88890 1159.52379 1191.20363 1137.62921
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ARE
SAE
Sum of Normalized Error
821.52411
7.93485
4.82303
727.20173
6.85397
4.01331
796.80935
7.26267
4.44393
838.65449
8.18143
5.00000
785.46567
7.24412
4.39171
Dubinin-Radushkevich Isotherm
Table (17): Error analysis and values of five different error functions of Dubinin-Radushkevich 
isotherm model for adsorption of BTEX mixture by chitosan.
ERRSQ HYBRID MPSD ARE SAE
Benzene 
Qd (mg/g) 0.9357 0.9364 0.9612 0.7390 0.8600
E (kJ/g) 4.2357E-10 4.3059E-09 4.6093E-10 5.4047E-10 3.5047E-10
ERRSQ 5.2620 4.9648 5.5710 3.1494 4.3929
HYBRID 12262.9766 10610.7437 12933.0467 7548.5302 10358.3061
MPSD 14153.2803 12925.3851 14528.5729 11127.0646 13023.2429
ARE 8057.0740 7494.1888 8274.5135 6319.7369 7404.2645
SAE 6.0580 5.8900 6.2341 4.6809 5.5328
Sum of Normalized Error 4.8124 4.4518 5.0000 3.4295 4.2682
Toluene 
qa (mg/g) 1.3492 0.9889 0.9705 0.8625 1.8308
E (kJ/g) 7.6619E-10 4.3890E-10 4.3783E-10 5.0920E-10 2.4217E-10
ERRSQ 5.2428 2.6778 2.5952 2.2062 11.5256
HYBRID 2089.4490 1072.1175 1029.8217 800.7380 4032.3035
MPSD 1886.6203 1360.8111 1333.8949 1175.8930 2595.7774
ARE 1002.4487 720.5747 706.7908 625.8500 1411.8504
SAE 4.8278 3.7486 3.7302 3.6222 8.2014
Sum of Normalized Error 2.9985 1.9899 1.9499 1.7279 5.0000
Ethylbenzene 
qa (mg/g) 1.0298 0.9758 0.9758 1.0257 1.0236
E(kl/g) 0.0000 0.0000 0.0000 0.0000 0.0000
ERRSQ 0.0739 3.8781 3.8782 4.3924 4.3645
HYBRID 4048.6959 3612.0393 3612.0966 4010.6853 3983.7217
MPSD 4577.0406 4328.2881 4328.3275 4555.4898 4539.1513
ARE 2471.1173 2332.4287 2332.4469 2459.3910 2451.1161
SAE 5.3590 4.9795 4.9796 5.3287 5.3112
Sum of Normalized Error 4.0168 4.5938 4.5938 4.9755 4.9523
m-Xylene 
Rd (mg/g) 0.8666 0.9745 0.9943 0.8529 0.8956
E (kJ/g) 0.0000 0.0000 0.0000 0.0000 0.0000
ERRSQ 2.1562 2.8305 2.9731 2.0842 2.3222
HYBRID 1280.9756 1648.7610 1722.5228 1239.5293 1375.6566
MPSD 1828.8857 2068.6624 2113.3420 1799.9337 1893.8526
ARE 962.0047 1089.7765 1114.2304 946.4214 996.5800
SAE 3.2185 3.5426 3.6379 3.1785 3.3060
Sum of Normalized Error 4.0824 4.8399 5.0000 3.9955 4.2790
o-Xylene 
Rd (mg/g) 0.8956 0.8524 0.9921 0.7893 0.6983
E (kJ/g) 0.0000 0.0000 0.0000 0.0000 0.0000
ERRSQ 1.6611 2.2709 3.3416 1.8768 1.4073
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HYBRID 824.6168 1490.6829 2064.9725 1262.9399 969.9829
MPSD 1398.3147 2043.4245 2393.9959 1885.0036 1657.1927
ARE 839.1343 1129.9890 1338.3747 1035.8116 908.3579
SAE 2.9992 3.3440 4.3219 2.9022 2.5801
Sum of Normalized Error 2.8015 3.8731 5.0000 3.4061 2.8588
p-Xylene
Rd (mg/g) 0.9000 0.9053 0.9943 0.9112 0.9199
E(kJ/g) 3.2536E-10 3.4155E-10 2.1141E-10 3.8695E-10 3.6958E-10
ERRSQ 2.2582 2.2892 2.8745 2.3233 2.3767
HYBRID 1302.6270 1319.0139 1616.4618 1336.7391 1364.8118
MPSD 1800.2071 1811.1738 1999.9209 1822.8867 1841.4816
ARE 939.0366 944.8654 1048.8584 951.1296 960.9513
SAE 3.0990 3.1148 3.5849 3.1319 3.1583
Sum of Normalized Error 4.2513 4.2877 5.0000 4.3272 4.3891
Table (18): Error analysis and values of five different error functions of Dubinin-Radushkevich 
isotherm model for adsorption of BTEX mixture by modified chitosan.
ERRSQ HYBRID MPSD ARE SAE
Benzene 
Rd (mg/g) 2.5369 2.3457 0.9612 2.1426 2.4626
E (kJ/g) 8.7552E-10 8.8328E-10 4.6093E-10 9.4935E-10 7.5580E-10
ERRSQ 42.1599 35.8812 5.5710 29.7415 39.7308
HYBRID 90512.5550 77280.9297 12933.0467 64234.5136 85639.1770
MPSD 38127.5798 35240.3146 14528.5729 32130.6852 37112.4943
ARE 21897.6431 20233.7573 8274.5135 18446.7942 21299.9315
SAE 17.1766 15.8455 6.2341 14.4258 16.6740
Sum of Normalized Error 5.0000 4.4757 1.3969 3.9401 4.8054
Toluene 
Rd (mg/g) 2.2365 2.1495 0.9705 2.1255 2.2366
F(kJ/g) 1.3289E-10 1.7413E-10 4.3783E-10 1.8713E-10 1.9159E-10
ERRSQ 19.3358 17.4668 2.5952 16.9688 19.3357
HYBRID 6176.1494 5676.8806 1029.8217 5542.6195 6175.2084
MPSD 3192.2026 3064.1741 1333.8949 3028.7741 3191.8565
ARE 1756.1756 1682.2986 706.7908 1661.8720 1756.0511
SAE 11.0422 10.4331 3.7302 10.2647 11.0424
Sum of Normalized Error 5.0000 4.6852 1.4591 4.5997 4.9997
Ethylbenzene 
Rd (mg/g) 1.0298 0.9758 0.9758 1.0257 1.0236
E (kJ/g) 3.5194E-10 4.2599E-10 4.2541E-10 3.9988E-10 5.2590E-10
ERRSQ 0.0739 3.8781 3.8782 4.3924 4.3645
HYBRID 4048.6959 3612.0393 3612.0966 4010.6853 3983.7217
MPSD 4577.0406 4328.2881 4328.3275 4555.4898 4539.1513
ARE 2471.1173 2332.4287 2332.4469 2459.3910 2451.1161
SAE 5.3590 4.9795 4.9796 5.3287 5.3112
Sum of Normalized Error 4.0168 4.5938 4.5938 4.9755 4.9523
m-Xylene 
Rd (mg/g) 2.9823 3.0256 0.9943 3.4985 3.1326
E(kJ/g) 1.1526E-10 1.2585E-10 2.6230E-10 1.6583E-10 1.1426E-10
ERRSQ 45.0928 46.6258 2.9731 65.0608 50.5272
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HYBRID 17419.6222 17945.1756 1722.5228 24200.1630 19282.5343
MPSD 6525.5643 6621.3267 2113.3420 7668.5648 6859.2256
ARE 3624.6276 3679.1669 1114.2304 4275.1558 3814.4176
SAE 17.5522 17.8553 3.6379 21.1630 18.6043
Sum of Normalized Error 3.9411 4.0259 0.8250 5.0000 4.2392
o-Xylene
Rd (mg/g) 3.1253 2.9826 0.9921 2.9825 2.8541
E (kJ/g) 8.1952E-11 8.4152E-11 2.8013E-10 8.1254E-11 8.9826E-11
ERRSQ 53.6362 48.2817 3.3416 48.2819 43.7072
HYBRID 22904.2101 20803.1538 2064.9725 20803.6737 18998.5997
MPSD 7758.4164 7399.4522 2393.9959 7399.5803 7076.2964
ARE 4522.6867 4309.6398 1338.3747 4309.6922 4117.8704
SAE 19.2546 18.2553 4.3219 18.2554 17.3562
Sum of Normalized Error 5.0000 4.6632 0.9814 4.6632 4.3683
p-Xylene
Rd (mg/g) 4.0125 3.7459 0.9943 3.3456 3.1225
E(kJ/g) 6.1425E-11 7.0000E-11 2.1141E-10 6.5286E-11 7.0125E-11
ERRSQ 88.2763 75.5928 2.8745 58.4316 49.8366
HYBRID 30339.5328 26336.4874 1616.4618 20866.2992 18092.5284
MPSD 8353.7169 7791.8642 1999.9209 6949.6565 6479.8266
ARE 4661.5366 4342.2154 1048.8584 3863.4088 3596.3484
SAE 24.7117 22.8448 3.5849 20.0437 18.4821
Sum of Normalized Error 5.0000 4.5131 0.6953 3.8215 3.4560
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Appendix C
Table (19): Isotherm parameters for sorption of BTEX on chitosan in the presence of ammonium 
ions at various initial BTEX concentrations (adsorbent dose = 0.5 g; room temperature = 22 ± 1 °C).
Isotherm Model Parameter Benzene Toluene Ethylbenzene m-Xylene o-Xylene p-Xylene
Langmuir a (mg/g) 19.248 23.240 27.300 31.807 27.455 31.301
b (1/mg) 0.001 0.002 0.002 0.002 0.002 0.002
Rl 0.997 0.972 0.991 0.983 0.988 0.982
R^  (linear) 0.998 0.992 0.991 0.998 0.995 0.991
R^  (non-linear) 0.999 0.994 0.992 0.999 0.999 0.992
Freundlich K  (mg/g) (mg/1)-
l/n^
1/n
0.030 0.047 0.050 0.065 0.066 0.080
0.932 0.941 0.949 0.957 0.950 0.962
R^  (linear) 0.975 0.954 0.973 0.976 0.965 0.936
R^  (non-linear) 0.996 0.988 0.994 0.998 0.998 0.980
Redlich- Kr (1/g) 0.019 0.020 0.031 0.032 0.031 0.031
Peterson aji(Vmgy'^ 0.362 0.255 0.250 0.161 0.167 0.184
P 0.991 0.990 0.986 0.984 0.983 0.985
R^  (linear) 0.995 0.996 0.998 0.994 0.997 0.999
R2 (non-linear) 0.999 1.000 0.999 0.999 0.999 1.000
Temkin Bi 0.037 0.202 0.255 0.259 0.230 0.286
KriVmg) 0.202 0.231 0.575 0.624 0.650 0.637
R2 (linear) 0.928 0.930 0.909 0.923 0.937 0.945
R2 (non-linear) 0.968 0.950 0.964 0.966 0.965 0.954
Duhinin-
Radushkevich
Rd (mg/g) 
F(kJ/g)
0.920
34.392
0.932
37.550
0.933
39.998
0.940
48.521
0.938
48.372
0.945
48.634
R^  (linear) 0.768 0.701 0.777 0.771 0.806 0.793
R2 (non-linear) 0.877 0.843 0.887 0.840 0.865 0.830
Table (20): Isotherm parameters for sorption of BTEX on chemically modified chitosan in the 
presence of ammonium ions at various initial BTEX concentrations (adsorbent dose = 0.5 g; room 
temperature = 22 ± 1 °C).
Isotherm Model Parameter Benzene Toluene Ethylbenzene m-Xylene o-Xylene p-Xylene
Langmuir a (mg/g) 74.650 84.378 93.459 95.254 94.345 95.317
b (1/mg) 0.001 0.002 0.002 0.002 0.005 0.008
Rl 0.998 0.975 0.991 0.978 0.966 0.930
R^  (linear) 0.983 0.987 0.987 0.978 0.984 0.989
R2 (non-linear) 0.991 0.991 0.992 0.985 0.990 0.989
Freundlich K (mg/g) (mg/1)-'/") 0.088 0.174 0.176 0.325 0.351 0.586
1/n 0.648 0.674 0.683 0.884 0.781 0.709
R^  (linear) 0.875 0.872 0.905 0.824 0.860 0.841
R^  (non-linear) 0.924 0.905 0.963 0.935 0.894 0.927
Redlich-Peterson Kr (1/g) 0.041 0.043 0.063 0.076 0.083 0.074
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n^(l/mg)'/// 0.260 0.206 0.202 0.125 0.131 0.129
P 0.991 0.989 0.986 0.980 0.982 0.983
R^  (linear) 0.996 0.995 0.997 0.999 0.999 0.998
R2 (non-linear) 0.997 0.999 0.998 1.000 1.000 0.999
Temkin Bi 0.068 0.462 0.459 0.437 0.467 0.384
KriVmg) 1.945 2.227 3.117 5.472 4.424 5.444
R^  (linear) 0.920 0.932 0.960 0.887 0.953 0.910
R2 (non-linear) 0.921 0.936 0.963 0.895 0.962 0.918
Dubinin- Rd (mg/g) 2.735 2.792 2.832 3.017 2.883 3.453
Radushkevich EQü/g) 24.292 39.507 59.346 60.453 69.500 102.283
R^  (linear) 0.785 0.790 0.785 0.758 0.825 0.833
R^  (non-linear) 0.926 0.808 0.872 0.862 0.905 0.906
Table (21): Isotherm parameters for sorption of BTEX on chitosan in the presence of sulphate ions
at various initial BTEX concentrations (adsorbent dose = 0.5 g; room temperature = 22 ± I °C).
Isotherm Model Parameter Benzene Toluene Ethylbenzene m-Xylene o-Xylene p-Xylene
Langmuir a  (mg/g) 19.136 22.101 22.779 27.722 25.786 27.742
b (1/mg) 0.001 0.001 0.002 0.002 0.002 0.002
Rl 0.997 0.981 0.991 0.982 0.988 0.980
R^  (linear) 0.996 0.993 0.990 0.997 0.992 0.992
R2 (non-linear) 0.996 0.995 0.990 0.999 0.997 0.992
Freimdlich K  (mg/g) (mg/1)-'/") 0.027 0.028 0.045 0.062 0.050 0.069
1/n 0.940 0.943 0.941 0.946 0.957 0.950
R^  (linear) 0.978 0.978 0.959 0.977 0.965 0.967
R2 (non-linear) 0.998 0.992 0.998 0.997 0.998 0.999
Redlich-Peterson (1/g) 0.018 0.019 0.030 0.030 0.029 0.030
as(l/mg)'/^ 0.353 0.267 0.255 0.164 0.175 0.191
P 0.992 0.989 0.987 0.985 0.986 0.986
R2 (linear) 0.999 0.996 0.997 0.998 0.997 0.998
R^  (non-linear) 1.000 1.000 0.999 1.000 1.000 0.998
Temkin Bi 0.036 0.203 0.227 0.255 0.253 0.258
KriVmg) 0.193 0.250 0.509 0.622 0.596 0.516
R^  (linear) 0.927 0.907 0.942 0.921 0.934 0.937
R^  (non-linear) 0.975 0.968 0.972 0.965 0.965 0.969
Dubinin- Rd (mg/g) 0.952 0.960 0.973 0.984 0.982 0.983
Radushkevich E(kJ/g) 35.980 36.864 42.424 50.212 52.165 53.104
R2 (linear) 0.868 0.680 0.780 0.773 0.816 0.776
R^  (non-linear) 0.882 0.796 0.865 0.834 0.868 0.868
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Table (22): Isotherm parameters for sorption of BTEX on chemically modified chitosan in the 
presence of sulphate ions at various initial BTEX concentrations (adsorbent dose = 0.5 g; room 
temperature = 22 ± I °C).
Isotherm Model Parameter Benzene Toluene Ethylbenzene m-Xylene o-Xylene p-Xylene
Langmuir a (mg/g) 73.604 78.186 94.477 94.751 95.923 94.769
b (1/mg) 0.001 0.002 0.002 0.002 0.004 0.005
Rl 0.998 0.975 0.991 0.980 0.971 0.956
R^  (linear) 0.989 0.987 0.991 0.988 0.989 0.991
R^  (non-linear) 0.996 0.990 0.994 0.995 0.990 0.991
Freundlich K  (mg/g) (mg/1)-'/") 0.096 0.188 0.161 0.385 0.386 0.407
1/n 0.952 1.368 1.646 1.815 1.702 1.868
R2 (linear) 0.902 0.864 0.877 0.876 0.879 0.911
R2 (non-linear) 0.940 0.887 0.888 0.983 0.903 0.988
Redlich-Peterson Kr (1/g) 0.038 0.045 0.061 0.077 0.073 0.073
(ZR(l/mg)'/^ 0.267 0.212 0.213 0.134 0.135 0.135
P 0.991 0.989 0.987 0.985 0.985 0.985
R2 (linear) 0.998 0.995 0.997 0.993 0.999 0.997
R2 (non-linear) 1.000 0.998 1.000 0.997 1.000 0.999
Temkin Bi 0.063 0.426 0.428 0.437 0.463 0.439
KriVmg) 0.958 2.199 3.179 4.723 4.880 5.413
R2 (linear) 0.923 0.921 0.929 0.905 0.950 0.930
R^  (non-linear) 0.928 0.927 0.931 0.906 0.954 0.931
Dubinin- Rd (mg/g) 2.465 2.293 2.393 2.562 2.666 2.640
Radushkevich E (kJ/g) 25.195 54.363 54.832 56.896 108.882 63.986
R^  (linear) 0.939 0.803 0.855 0.869 0.923 0.884
R2 (non-linear) 0.994 0.971 0.983 0.987 0.979 0.985
Table (23): Isotherm parameters for sorption of BTEX on chitosan in the presence of phosphate 
ions at various initial BTEX concentrations (adsorbent dose = 0.5 g; room temperature = 22 ± 1 °C).
Isotherm Model Parameter Benzene Toluene Ethylbenzene m-Xylene o-Xylene p-Xylene
Langmuir a (mg/g) 16.077 20.265 21.732 23.952 25.536 26.929
b (1/mg) 0.001 0.001 0.001 0.002 0.001 0.001
Rl 0.997 0.980 0.993 0.984 0.990 0.987
R2 (linear) 0.998 0.992 0.991 0.992 0.991 0.991
R^  (non-linear) 0.999 0.994 0.992 0.996 0.994 0.997
Freundlich K  (mg/g) (mg/1)-'/") 0.020 0.026 0.031 0.050 0.039 0.051
1/n 0.906 0.905 0.910 0.909 0.903 0.933
R^  (linear) 0.992 0.982 0.961 0.931 0.962 0.973
R2 (non-linear) 0.982 0.988 0.939 0.974 0.989 0.982
Redlich-Peterson Kr (1/g) 0.018 0.021 0.029 0.033 0.031 0.031
a;j(l/mg)'/^ 0.365 0.269 0.266 0.265 0.265 0.264
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P 0.995 0.992 0.989 0.988 0.989 0.988
R^  (linear) 0.995 0.997 0.998 0.995 0.996 0.998
R^  (non-linear) 0.999 0.999 0.999 1.000 0.998 0.999
Temkin Bi 0.035 0.201 0.210 0.244 0.171 0.212
Kril/mg) 0.151 0.242 0.509 0.607 0.573 0.504
R^  (linear) 0.858 0.898 0.843 0.955 0.948 0.916
R^  (non-linear) 0.977 0.965 0.913 0.956 0.971 0.958
Dubinin- Rd (mg/g) 0.066 0.506 0.349 0.344 0.331 0.384
Radushkevich E (kJ/g) 57.620 59.198 59.564 59.846 59.798 59.952
R^  (linear) 0.803 0.680 0.832 0.823 0.797 0.707
R^  (non-linear) 0.939 0.923 0.982 0.929 0.945 0.939
Table (24): Isotherm parameters for 
presence of phosphate ions at various 
temperature = 22 ± I °C).
sorption of BTEX on chemically modified chitosan in the 
initial BTEX concentrations (adsorbent dose = 0.5 g; room
Isotherm Model Parameter Benzene Toluene Ethylbenzene m-Xylene o-Xylene p-Xylene
Langmuir a  (mg/g) 75.466 78.431 94.641 92.863 94.173 91.191
b (1/mg) 0.001 0.002 0.001 0.002 0.002 0.005
Rl 0.998 0.975 0.992 0.981 0.985 0.958
R^  (linear) 0.992 0.991 0.991 0.991 0.994 0.990
R^  (non-linear) 0.998 0.995 0.993 0.998 0.995 0.991
Freundlich K  (mg/g) (mg/1)-'/") 0.068 0.122 0.155 0.247 0.197 0.390
1/n 0.546 0.748 0.760 0.920 0.813 0.787
R2 (linear) 0.888 0.890 0.888 0.912 0.913 0.908
R^  (non-linear) 0.914 0.914 0.904 0.951 0.956 0.984
Redlich-Peterson (I/g) 0.037 0.048 0.064 0.076 0.072 0.073
ttR(l/mg)'/^ 0.729 0.718 0.699 0.474 0.567 0.480
P 0.989 0.988 0.986 0.982 0.981 0.982
R2 (linear) 0.997 0.998 0.999 0.998 0.995 0.998
R^  (non-linear) 0.998 0.999 1.000 0.999 0.996 0.999
Temkin Bi 0.058 0.356 0.421 0.423 0.473 0.451
Kril/mg) 0.819 3.162 2.765 3.323 3.424 3.154
R2 (linear) 0.903 0.931 0.926 0.923 0.942 0.930
R^  (non-linear) 0.908 0.936 0.972 0.929 0.957 0.936
Dubinin- Rd (mg/g) 2.461 2.192 2.078 2.076 2.070 2.019
Radushkevich E (kJ/g) 32.596 54.663 57.096 60.468 60.529 65.027
R^  (linear) 0.718 0.781 0.792 0.789 0.808 0.806
R2 (non-linear) 0.825 0.856 0.845 0.862 0.877 0.880
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Table (25): Kinetic model parameters for BTEX mixture adsorption on chitosan in the presence of 
ammonium ions (total initial BTEX concentrations = 50 mg/1; adsorbent dose = 0.5 g; room 
temperature = 22 ± 1 °C).
Kinetic Model Parameter Benzene Toluene Ethylbenzene m-Xylene o-Xylene p-Xylene
Pseudo-first Kf (hr') 0.430 0.467 0.468 0.563 0.472 0.686
order (linear) 0.821 0.753 0.777 0.863 0.920 0.928
R^  (non-linear) 0.941 0.950 0.955 0.936 0.997 0.929
Pseudo-second h (mg/(g.hr)) 0.014 0.091 0.100 0.103 0.109 0.278
order Ks(g/(mg.hr)) 12.730 8.744 9.158 0.853 0.544 2.005
Ke(rng) 0.033 0.102 0.105 0.348 0.447 0.372
R^  (linear) 0.992 0.986 0.987 0.989 0.991 0.996
R2 (non-linear) 0.994 0.999 0.999 0.998 1.000 0.999
Bangham ko (g) 3.166E-04 3.481E-04 5.485E-04 4.833E-04 6.228E-04 6.519E-04
a 0.502 0.518 0.534 0.615 0.536 0.610
R2 (linear) 0.987 0.983 0.910 0.964 0.953 0.901
R^  (non-linear) 0.997 0.992 0.998 0.997 0.998 0.996
Intra-particle kia (mg/(g.hr'/2)) 0.017 0.019 0.055 0.113 0.083 0.085
diffusion / (mg/g) 0.005 0.009 0.038 0.050 0.059 0.174
R^  (linear) 0.996 0.985 0.925 0.989 0.917 0.938
R^  (non-linear) 0.996 0.991 0.992 0.979 0.993 0.989
Table (26): Kinetic model parameters for BTEX mixture adsorption on chemieally modified chitosan in the 
presence of ammonium ions (total initial BTEX coneentrations = 50 mg/1; adsorbent dose = 0.5 g; room 
temperature = 22 ± 1 °C).
Kinetic Model Parameter Benzene Toluene Ethylbenzene m-Xylene o-Xylene p-Xylene
Pseudo-first Kf (hr') 0.516 0.547 0.586 0.835 1.012 0.435
order R^  (linear) 0.837 0.989 0.909 0.958 0.870 0.992
R^  (non-linear) 0.985 0.995 0.993 0.985 0.990 0.998
Pseudo-second h (mg/(g.hr)) 0.021 0.124 0.477 0.513 0.581 0.840
order Ks(g/(mg.hr)) 3.711 6.568 1.983 1.342 1.470 1.872
^e(mg) 0.075 0.137 0.491 0.618 0.629 0.670
R^  (linear) 0.942 0.993 0.996 0.991 0.992 0.996
R^  (non-linear) 0.996 0.994 0.999 0.999 0.999 0.999
Bangham ko (g) 4.233E-04 4.795E-04 4.957E-04 1.058E-03 1.254E-03 5.008E-04
a 0.939 0.946 0.953 0.982 0.980 0.960
R2 (linear) 0.938 0.992 0.913 0.956 0.919 0.985
R2 (non-linear) 0.983 0.999 0.997 0.989 0.998 0.997
Intra-particle kid (mg/(g.hr'/2)) 0.045 0.130 0.142 0.157 0.175 0.161
diffusion / (mg/g) 0.018 0.196 0.149 0.146 0.162 0.125
R^  (linear) 0.939 0.993 0.903 0.916 0.918 0.915
R^  (non-linear) 0.983 0.999 0.977 0.992 0.996 0.998
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Table (27): Kinetic model parameters for BTEX mixture adsorption on chitosan in the presence of 
sulphate ions (total initial BTEX concentrations = 50 mg/1; adsorbent dose = 0.5 g; room 
temperature = 22 ± 1 °C).
Kinetic Model Parameter Benzene Toluene Ethylbenzene m-Xylene o-Xylene p-Xylene
Pseudo-first Kf (hr') 0.363 0.387 0.388 0.494 0.639 0.597
order (linear) 0.866 0.987 0.873 0.936 0.917 0.947
R^  (non-linear) 0.950 0.996 0.931 0.938 0.994 0.965
Pseudo-second h (mg/(g.hr)) 0.015 0.100 0.118 0.244 0.127 0.186
order Ks(g/(mg.hr)) 18.148 1.805 1.673 2.157 1.431 1.470
^e(mg) 0.029 0.236 0.265 0.337 0.298 0.356
R^  (linear) 0.996 0.992 0.976 0.997 0.990 0.999
R^  (non-linear) 0.997 0.999 0.978 0.999 0.999 1.000
Bangham ko(g) 3.190E-04 3.266E-04 3.920E-04 5.807E-04 5.574E-04 5.269E-04
a 0.430 0.459 0.464 0.577 0.558 0.540
R2 (linear) 0.998 0.936 0.904 0.937 0.965 0.909
R^  (non-linear) 0.997 0.999 0.990 0.996 0.989 0.998
Intra-particle kid (mg/(g.hr'/2)) 0.014 0.012 0.037 0.036 0.084 0.079
diffusion /  (mg/g) 0.009 0.093 0.024 0.229 0.043 0.261
R^  (linear) 0.995 0.913 0.925 0.914 0.939 0.921
R2 (non-linear) 0.996 0.998 0.969 0.989 0.997 0.951
Table (28): Kinetic model parameters for BTEX mixture adsorption on chemically modified 
chitosan in the presence of sulphate ions (total initial BTEX concentrations = 50 mg/1; adsorbent 
dose = 0,5 g; room temperature = 22 ± 1 °C).
Kinetic Model Parameter Benzene Toluene Ethylbenzene m-Xylene o-Xylene p-Xylene
Pseudo-first Kf (hr') 0.492 0.595 0.685 0.857 0.709 0.919
order R^  (linear) 0.874 0.845 0.761 0.925 0.824 0.902
R^  (non-linear) 0.920 0.874 0.852 0.975 0.891 0.929
Pseudo-second h (mg/(g.hr)) 0.027 0.172 0.308 0.616 0.584 0.503
order Xs(g/(mg.hr)) 6.574 6.249 1.816 1.907 1.704 1.302
^e(mg) 0.065 0.166 0.412 0.569 0.585 0.622
R^  (linear) 0.974 0.990 0.995 0.991 0.990 0.990
R^  (non-linear) 0.989 0.999 0.995 0.999 0.997 0.999
Bangham ko(g) 3.948E-04 4.688E-04 4.846E-04 4.883E-04 5.653E-04 6.603E-04
a 0.849 0.854 0.866 0.969 0.887 0.910
R^  (linear) 0.946 0.960 0.908 0.959 0.908 0.951
R2 (non-linear) 0.950 0.981 0.989 0.989 0.990 0.991
Intra-particle kid (mg/(g.hr'/2)) 0.037 0.152 0.153 0.154 0.155 0.160
diffusion / (mg/g) 0.004 0.194 0.160 0.134 0.184 0.141
R^  (linear) 0.932 0.919 0.684 0.901 0.905 0.908
R2 (non-linear) 0.943 0.989 0.970 0.998 0.974 0.999
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Table (29): Kinetic model parameters for BTEX mixture adsorption on chitosan in the presence of 
phosphate ions (total initial BTEX concentrations = 50 mg/1; adsorbent dose = 0,5 g; room 
temperature = 22 ± 1 °C).
Kinetic Model Parameter Benzene Toluene Ethylbenzene m-Xylene o-Xylene p-Xylene
Pseudo-first Kf (hr') 0.366 0.501 0.523 0.576 0.540 0.596
order (linear) 0.934 0.981 0.933 0.997 0.997 0.993
R^  (non-linear) 0.972 0.998 0.984 0.997 0.998 0.998
Pseudo-second h (mg/(g.hr)) 0.017 0.121 0.117 0.119 0.128 0.135
order Ks(g/(mg.hr)) 53.188 9.668 9.067 4.571 7.891 5.498
^e(mg) 0.018 0.112 0.113 0.161 0.128 0.156
R2 (linear) 0.997 0.991 0.989 0.996 0.998 0.993
R^  (non-linear) 0.999 0.999 0.998 1.000 1.000 0.999
Bangham ko (g) 2.817E-04 3.344E-04 3.721E-04 5.796E-04 6.813E-04 5.727E-04
a 0.251 0.377 0.406 0.424 0.448 0.435
R2 (linear) 0.903 0.964 0.978 0.989 0.980 0.910
R^  (non-linear) 0.976 0.999 0.989 0.999 0.998 0.991
Intra-particle kid (mg/(g.hr'/2)) 0.006 0.016 0.028 0.074 0.050 0.073
diffiision / (mg/g) 0.017 0.062 0.065 0.083 0.096 0.086
R^  (linear) 0.905 0.941 0.960 0.971 0.955 0.902
R2 (non-linear) 0.960 0.999 0.987 0.999 0.996 0.969
Table (30): Kinetic model parameters for BTEX mixture adsorption on chemically modified 
chitosan in the presence of phosphate ions (total initial BTEX concentrations = 50 mg/1; adsorbent 
dose = 0.5 g; room temperature = 22 ± 1 °C).
Kinetic Model Parameter Benzene Toluene Ethylbenzene m-Xylene o-Xylene p-Xylene
Pseudo-first Kf (hr') 0.213 0.533 0.549 0.734 0.344 0.521
order R2 (linear) 0.989 0.949 0.983 0.933 0.950 0.993
R^  (non-linear) 0.995 0.992 0.993 0.973 0.964 0.996
Pseudo-second h (mg/(g.hr)) 0.010 0.154 0.271 0.566 0.594 0.547
order K;(g/(mg.hr)) 1.517 5.649 4.281 2.440 2.608 2.552
^e(mg) 0.081 0.165 0.252 0.482 0.477 0.463
R^  (linear) 0.994 0.990 0.990 0.999 0.992 0.991
R^  (non-linear) 0.999 0.999 0.998 0.999 0.995 0.999
Bangham ko (g) 2.887E-04 4.470E-04 6.281E-04 7.841E-04 7.483E-04 9.555E-04
a 0.892 0.895 0.918 0.944 0.947 0.940
R^  (linear) 0.991 0.979 0.981 0.901 0.989 0.961
R^  (non-linear) 0.997 0.992 0.992 0.989 0.999 0.999
Intra-particle kid (mg/(g.hr'/Q) 0.036 0.157 0.158 0.159 0.159 0.163
diffusion / (mg/g) 0.018 0.138 0.042 0.407 0.040 0.112
R^  (linear) 0.989 0.947 0.948 0.907 0.995 0.904
R2 (non-linear) 0.997 0.995 0.998 0.973 0.999 0.995
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